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Shaping Shell Strength: Testing The Influence Of Shell-Crushing Predators On 
Shell Shape Over Geologic Time 
Abstract 
Mollusk shells have evolved an incredibly diverse array of shapes. The shapes are well preserved in an 
extensive fossil record. While some of these geometries are still present in modern fauna, others 
disappeared when taxa went extinct. Since shells primarily serve a defensive purpose, they are believed to 
have evolved in conjunction with a wide range of predators. These predators attacked shelled 
invertebrates by drilling holes through them, smashing, peeling, and crushing them. Many previous 
investigators have postulated that changes in shell shape over geologic time resulted from changing 
predation pressures. Some suggest that temporally persistent morphologies are more well adapted to 
predators. While a wealth of literature exists speculating on the role of shell shape in defending against 
shell crushing predators, the contribution of shape to shell strength has never been experimentally tested 
in isolation. Previous investigators have been unable to isolate the influence of shell shape due to 
unavoidable complicating factors such as shell thickness, microstructure, and taphonomy (the state of 
preservation). To overcome this challenge, I have used mathematical modeling and recent advances in 3D 
printing to generate physical models of mollusk shells with carefully controlled parameters. 
Using this novel approach, I conducted the first experiments exploring how different shell shapes perform 
under compression while controlling shell thickness, size, and microstructure. I reviewed and utilized a 
standardized mechanical experiment to analyze external coiling geometries of gastropods and bivalves, 
as well as internal cephalopod shell morphologies. Using this method, I generated several novel findings: 
First, that gastropod shell shapes during the Mesozoic had different relative strengths than those implied 
by the literature. Moreover, the strengths of these shapes are dependent upon the crushing orientation of 
the shell. Second, that bivalve shell strength has demonstrable tradeoffs with shapes that allow escape 
behavior. However, these tradeoffs are reflected by multiple aspects of shell shape in specific 
combinations. Finally, the complexity of the interior walls of cephalopod shells was unlikely to have been 
driven by crushing predation pressure; however, I found biomechanical constraints for their natural 
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WKH ILUVW WLPH , VWHSSHG RQ FDPSXV DQG , IHHO H[WUHPHO\ IRUWXQDWH WKDW KH WRRN RQ DQ
LQYHUWHEUDWHSDOHRQWRORJLVW ,DPLQFUHGLEO\JUDWHIXO WRERRNHQGKLV ODEDQGWRKDYHKDG
WKHSULYLOHJHRIZRUNLQJZLWKDQGEHLQJPHQWRUHGE\DSLRQHHURISDOHRQWRORJ\ ,DP
DOVR YHU\ DSSUHFLDWLYH RI WKH VXSSRUW RI P\ FRPPLWWHH , WKDQN 'RXJ -HUROPDFN IRU
KHOSLQJPHGHYHORSP\VNLOOVDVDQH[SHULPHQWDOLVWDQGHQFRXUDJLQJP\LQWHUGLVFLSOLQDU\
UHVHDUFKLQWHUHVWV,WKDQN+HUPDQQ3IHIIHUNRUQIRUKLVXQZDYHULQJVXSSRUWDQGKRXUVRI





, KDYH KDG VHYHUDO RWKHU FULWLFDO PHQWRUV GXULQJ P\ WLPH DW WKH 8QLYHUVLW\ RI
3HQQV\OYDQLD ,ZRXOG OLNH WR WKDQN 6WHYH 3KLSSV IRU KLV HQFRXUDJHPHQW VXSSRUW DQG
WHDFKLQJ PHQWRUVKLS 7HDFKLQJ IRU KLP ZDV WKH KLJKOLJKW RI P\ WLPH DV D WHDFKLQJ
DVVLVWDQW 7KDQN \RX DOVR WR ,DQ 3HWULH DQG &DWK\ 7XUQHUZKR KDYHPHQWRUHGPH DQG
IRVWHUHGP\ORYHRIWHDFKLQJZLWKHQGOHVVVXSSRUWDQGNLQGQHVV0\H[SHULHQFHZLWKWKH










RI P\ GRFXPHQWDWLRQ DQG IRU PDQ\ WKRXJKWIXO GLVFXVVLRQV DERXW VHQVHOHVV UHDOLW\
WHOHYLVLRQ , DP DOVR JUDWHIXO WR 7UDFH\ 7XUQHU DQG 5REHUW *LHJHQJDFN IRU UHVHDUFK
IXQGLQJ'DYLG9DQQDQG6WHYH6]HZF]\NKHOSHGPHJUHDWO\ZLWK ODEHTXLSPHQW , DP
HQRUPRXVO\WKDQNIXOIRUWKHIULHQGVKLSDQGWHFKQLFDOVXSSRUWRI$QQHOLVH/HRQKDUW$QL¶V
WHQDFLW\ DQG VNLOO FDQQRW EH XQGHUVWDWHG'DQD7RELQ¶V SUHVHQFH LQP\ OLIH KDV EHHQ D





'RGVRQ ODEPDWHV /LJXR /L ZKR QHYHU IDLOV WR PDNH PH VPLOH DQG 6WHYHQ -DVLQVNL
ZKRVHSRVLWLYHHQHUJ\LVFRQWDJLRXV,DOVRWKDQN%UHQGDQ$QGHUVRQDQG(OHQD6FKURHWHU
ZKRKDYHPHQWRUHGDQGLQVSLUHGPHIRU\HDUV








NHSWPH FRPSDQ\ RQ WKH IRXUWK IORRU WKURXJKRXWP\ WLPH LQ+D\GHQ+DOO P\ IHOORZ
3K'VWXGHQWVDQGWKHPLFH7RWKHIRUPHUWKDQN\RXDQG,ZLOOPLVVODXJKLQJZLWK\RX
7RWKHODWWHU,FDQ¶WVD\WKHVDPH
7KLV WKHVLV LV GHGLFDWHG WR P\ IDPLO\ 7R P\ PRWKHU IDWKHU JUDQGPRWKHU
3RSH\H DQG +HQU\ <RXU ORYH DQG VXSSRUW KDYH JXLGHGPH WKURXJK DOO P\ DFDGHPLF
SXUVXLWV7KHUHDUHQRWHQRXJKZRUGVWRWKDQN\RX,KRSH,PDNH\RXSURXG
)XQGLQJ VXSSRUW 7KLV UHVHDUFK ZDV LQ SDUW VXSSRUWHG E\ IXQGLQJ WR WKURXJK WKH
1DWLRQDO6FLHQFH)RXQGDWLRQ*UDGXDWH5HVHDUFK)HOORZVKLS3URJUDPDQGWKH8QLYHUVLW\
RI 3HQQV\OYDQLD %HQMDPLQ )UDQNOLQ )HOORZVKLS ,QWHUQDO IXQGLQJ ZDV SURYLGHG E\ WKH
*UHJDQG6XVDQ-:DONHU)RXQGDWLRQDQGWKH6XPPHU5HVHDUFK6WLSHQGLQ3DOHRQWRORJ\
'HSDUWPHQW RI (DUWK DQG (QYLURQPHQWDO 6FLHQFH DW WKH 8QLYHUVLW\ RI 3HQQV\OYDQLD 
'HODZDUH 9DOOH\ 3DOHRQWRORJLFDO 6RFLHW\ DOVR VXSSRUWHG WKLV SURMHFW WKURXJK WKH 3DXO










ZHOO SUHVHUYHG LQ DQ H[WHQVLYH IRVVLO UHFRUG:KLOH VRPH RI WKHVH JHRPHWULHV DUH VWLOO
SUHVHQW LQ PRGHUQ IDXQD RWKHUV GLVDSSHDUHG ZKHQ WD[D ZHQW H[WLQFW 6LQFH VKHOOV
SULPDULO\ VHUYH D GHIHQVLYH SXUSRVH WKH\ DUH EHOLHYHG WR KDYH HYROYHG LQ FRQMXQFWLRQ
ZLWKDZLGHUDQJHRISUHGDWRUV7KHVHSUHGDWRUVDWWDFNHGVKHOOHGLQYHUWHEUDWHVE\GULOOLQJ
KROHVWKURXJKWKHPVPDVKLQJSHHOLQJDQGFUXVKLQJWKHP0DQ\SUHYLRXVLQYHVWLJDWRUV
KDYH SRVWXODWHG WKDW FKDQJHV LQ VKHOO VKDSH RYHU JHRORJLF WLPH UHVXOWHG IURP FKDQJLQJ
SUHGDWLRQSUHVVXUHV6RPHVXJJHVWWKDWWHPSRUDOO\SHUVLVWHQWPRUSKRORJLHVDUHPRUHZHOO
DGDSWHGWRSUHGDWRUV:KLOHDZHDOWKRI OLWHUDWXUHH[LVWVVSHFXODWLQJRQWKHUROHRIVKHOO
VKDSH LQ GHIHQGLQJ DJDLQVW VKHOO FUXVKLQJ SUHGDWRUV WKH FRQWULEXWLRQ RI VKDSH WR VKHOO
VWUHQJWK KDV QHYHU EHHQ H[SHULPHQWDOO\ WHVWHG LQ LVRODWLRQ 3UHYLRXV LQYHVWLJDWRUV KDYH




' SULQWLQJ WR JHQHUDWH SK\VLFDO PRGHOV RI PROOXVN VKHOOV ZLWK FDUHIXOO\ FRQWUROOHG
SDUDPHWHUV
8VLQJ WKLV QRYHO DSSURDFK , FRQGXFWHG WKH ILUVW H[SHULPHQWV H[SORULQJ KRZ
GLIIHUHQWVKHOOVKDSHVSHUIRUPXQGHUFRPSUHVVLRQZKLOHFRQWUROOLQJVKHOOWKLFNQHVVVL]H
DQG PLFURVWUXFWXUH , UHYLHZHG DQG XWLOL]HG D VWDQGDUGL]HG PHFKDQLFDO H[SHULPHQW WR
DQDO\]H H[WHUQDO FRLOLQJ JHRPHWULHV RI JDVWURSRGV DQG ELYDOYHV DV ZHOO DV LQWHUQDO
FHSKDORSRG VKHOOPRUSKRORJLHV8VLQJ WKLVPHWKRG , JHQHUDWHG VHYHUDO QRYHO ILQGLQJV
)LUVW WKDW JDVWURSRG VKHOO VKDSHV GXULQJ WKH0HVR]RLF KDG GLIIHUHQW UHODWLYH VWUHQJWKV
WKDQ WKRVH LPSOLHG E\ WKH OLWHUDWXUH 0RUHRYHU WKH VWUHQJWKV RI WKHVH VKDSHV DUH
GHSHQGHQWXSRQWKHFUXVKLQJRULHQWDWLRQRIWKHVKHOO6HFRQGWKDWELYDOYHVKHOOVWUHQJWK
KDV GHPRQVWUDEOH WUDGHRIIV ZLWK VKDSHV WKDW DOORZ HVFDSH EHKDYLRU +RZHYHU WKHVH
WUDGHRIIV DUH UHIOHFWHG E\ PXOWLSOH DVSHFWV RI VKHOO VKDSH LQ VSHFLILF FRPELQDWLRQV

















































































 /LVW RI VWXGLHV ZKLFK KDYH XVHG VKHOO FRPSUHVVLRQ H[SHULPHQWV LQGLFDWLQJ WKH
W\SHVRIVKHOOVVWXGLHGWKHLUWDSKRQRPLFFRQGLWLRQDQGWKHFRPSUHVVLRQDSSDUDWXV
XVHG««««««««««««««««««««««««««««««
 6KHOO VKDSHVSURGXFHGE\GLIIHUHQWJHQHUDWLQJFXUYHVXVLQJSDUDPHWHUVD DQGE
6KHOOV IRUZKLFKD !E DUHHORQJDWHGGRUVRYHQWUDOO\6KHOOV IRUZKLFKD E DUH
HORQJDWHG DQWHURSRVWHULRUO\ OHIW 6KHOO VKDSHV SURGXFHG E\ GLIIHUHQW ZKRUO
H[SDQVLRQUDWHV«««««««««««««««««««««««««
 /LVW RI VHOHFW VHSWDO W\SHV DQG UHSUHVHQWDWLYH JHQXV DQG VSHFLHV ZKRVH VXWXUHV
ZHUH XVHGWRFUHDWH'PRGHOV $UNHOOHWDO-RQHV7HLFKHUWHWDO
 :ULJKW  3HWHUPDQ DQG %DUWRQ  6FDOLQJ H[SRQHQWV XVHG WR
TXDQWLI\FRPSOH[LW\IROORZLQJ3HWHUPDQDQG%DUWRQ«««««««
6 %LYDOYH PRGHO LQSXWV VKDSH QDPH HORQJDWLRQ DE K D E Z DQG KHLJKW LI
PRGLILHG«««««««««««««««««««««««««««




 0ROOXVNVKHOOFRLOLQJPRGHOPRGLILHG IURP5DXS  $*DVWURSRGPRGHO
VKHOOH[WHULRUOHIW6KHOOVKDSHVKRZLQJLQWHULRUULJKW %%LYDOYH PRGHO&
$PPRQRLG PRGHO,QHDFKSDQHO\HOORZOLQHPDUNVFRLOLQJD[LVODUJHGRWWHGOLQH
GHQRWHV JHQHUDWLQJ FXUYH$OVR VKRZQ DUH WUDQVODWLRQ 7ZKRUO H[SDQVLRQ UDWH
:DQGGLVWDQFHIURPWKHFRLOLQJD[LV'««««««««««««««
 6FKHPDWLF UHSUHVHQWDWLRQV RI D JHQHUDOL]HG FRPSUHVVLRQ H[SHULPHQW $
&RPSUHVVLRQDSSDUDWXVXVLQJD IODWSODWH%&RPSUHVVLRQDSSDUDWXVDSSO\LQJD
SRLQWORDG&6FKHPDWLFRID/RDGYHUVXV'LVSODFHPHQWFXUYHH[KLELWLQJEULWWOH
EHKDYLRU DV D VKHOO PLJKW GHPRQVWUDWH 'RWWHG OLQH LQGLFDWHV DUHD RI OLQHDUO\
HODVWLFEHKDYLRU3HDN ORDG VKRZVPD[LPXP ORDG VXVWDLQHGE\ VSHFLPHQEHIRUH
EUHDNDJH««««««««««««««««««««««««««««
 ' 3ULQWV UHSUHVHQWLQJ VQDLO VKHOO VKDSHV DQG H[DPSOHV RI VKHOOV ZLWK WKHVH
JHRPHWULHV $ 7XUELQDWH VKHOO ' SULQW &ROORQLD URVD  WRS OHIW
(SLWRQLXP XOX  ULJKW 2PSKDORWURSLV MDSRQLFD WDNDQRVKLPDQD
 ERWWRP OHIW %2SHQFRLOHG VKHOO ' SULQW&\FORVFDOD DOGH\Q]HUL
 WRS OHIW 9HUPLFXODULD VSLUDWD $163 ,3  WRS ULJKW
7ULJRQRVWRPDPLOOHUL  ERWWRPFHQWHU &8PELOLFDWH VKHOO 'SULQW
&\DWKRSRPD WDLZDQLFXP  WRS OHIW $QQXODULD SVHXGDODWXP 
ULJKW $SHURVWRPD WUDQVOXFLGXP GXQRRQHQVH  ERWWRP OHIW '
3ODQLVSULDO VKHOO ' SULQW 3ODQRUELV KHWHURSOHXUXV  WRS OHIW




8QLYHUVDO 7HVWLQJ PDFKLQH XVHG WR FRPSUHVV ' SULQWHG VKHOOV &XUYHV
GHPRQVWUDWH WKH ORDGLQJ RI D EULWWOH PDWHULDO DV WKH\ DUH GRPLQDWHG E\ OLQHDU
HODVWLFEHKDYLRU«««««««««««««««««««««««««
 /RDGLQJFXUYHVIRUWKHIRXUPDLQVQDLOVKHOOVKDSHVVKRZGLIIHUHQFHVLQSHDNORDG
&KDQJH LQ ORDG YV GLVSODFHPHQW FXUYHV IRU DOO WULDOV RI $ WXUELQDWH % RSHQ
FRLOLQJ & XPELOLFDWH DQG ' 3ODQLVSLUDO ' SULQWHG VKHOOV 6KHOOV VKRZQ LQ
HDFK SDQHO DUH GLJLWDO PRGHOV WKDW ZHUH XVHG IRU WKH ' SULQWV  %OXH FXUYHV
LQGLFDWHWULDOVUXQZLWKVKHOOVSRVLWLRQHGDSHUWXUHXSDQGRUDQJHFXUYHVUHSUHVHQW
WULDOV UXQ DSHUWXUH GRZQ *UHHQ FXUYH UHSUHVHQWV SODQLVSLUDO VKHOO RULHQWHGZLWK
DSHUWXUH WR WKH OHIW <HOORZ FXUYH UHSUHVHQWV SODQLVSLUDO VKHOO RULHQWHG ZLWK




 6KHOOVKDSHVVXVWDLQGLIIHUHQWSHDNORDGVLQGLIIHUHQWRULHQWDWLRQV %R[SORW RISHDN
ORDGYVVKHOOVKDSHIRUWXUELQDWHRSHQFRLOLQJDQGXPELOLFDWH'SULQWHGVKHOOVLQ
FRPSUHVVLRQ (DFK VKHOO W\SHZDV WHVWHG LQ ERWK WKH DSHUWXUH XS Q    DQG
GRZQ Q    SRVLWLRQ 3ODQLVSLUDO QRW VKRZQ GXH WR GLIIHUHQFHV LQ EUHDNDJH
PHFKDQLVP%OXHLQGLFDWHVWULDOVUXQZLWKVKHOOVSRVLWLRQHGDSHUWXUHXSDQGRUDQJH
UHSUHVHQWWULDOVUXQDSHUWXUHGRZQ««««««««««««««««««





 $ ([SHULPHQWDO FRPSUHVVLRQ RI ' SULQWHG ELYDOYH VKHOO PRGHO % 'ULHG
ELYDOYHVKHOOV/RDGN1YHUVXV'LVSODFHPHQWPP SORW&'SULQWHG%LYDOYH
6KHOO0RGHOV/RDGN1YHUVXV'LVSODFHPHQW PP SORW1RWHWKDWERWK%DQG&
VKRZ EULWWOH EHKDYLRU LQ FRPSUHVVLRQ 7KLV LV GHPRQVWUDWHG E\ D VPDOO DUHD RI
SODVWLF EHKDYLRU IROORZHG ODUJHO\ E\ OLQHDU HODVWLF EHKDYLRU DQG D VXEVHTXHQW
VPDOOUHJLRQRISODVWLFEHKDYLRUEHIRUHSHDNORDGLVUHDFKHG««««««««
 ' SULQWHG ELYDOYH VKHOO PRGHOV $ *:  *:  *: 
*: VFDOHEDULVFP«««««««««««««««««««««
 $*HQHUDWLQJFXUYHVKDSH GRUVRYHQWUDOO\HORQJDWHG D!EQ  FLUFXODU D
  E Q   DQG DQWHURSRVWHULRUO\ HORQJDWHG D  E Q     YHUVXV 3HDN
/RDG6KHOO9ROXPH N1P/ 6KDSLURZLONVS H.UXVNDO:DOOLV S 
HVHHVXSSVIRU'XQQ¶V%*HQHUDWLQJFXUYH VKDSH* Q  * Q
  * Q  * Q  * Q  * Q  * Q  YHUVXV
3HDN/RDG6KHOO9ROXPHN1P/ 6KDSLURZLONV S H.UXVNDO:DOOLV
S HVHH6 IRU'XQQ 7HVW«««««««««««««««
 $:KRUO([SDQVLRQ: Q  : Q  : Q  : Q 
YHUVXV3HDN/RDG6KHOO9ROXPHN1P/ 6KDSLURZLONVS H.UXVNDO
:DOOLV S   H VHH 6 IRU 'XQQ 7HVW %* :KRUO ([SDQVLRQ 5DWH
YHUVXV3HDN/RDG6KHOO9ROXPHN1P/IRUYDULRXVJHQHUDWLQJFXUYHVKDSHV%
*: Q  *: Q *: Q  *: Q  6KDSLURZLONVS 
.UXVNDO:DOOLVS HVHH6 IRU'XQQ 7HVW&*: Q
  *: Q *: Q *: Q  6KDSLURZLONVS H
.UXVNDO:DOOLV S   H VHH 6 IRU 'XQQ 7HVW ' *: Q   
*: Q *: Q *: Q  6KDSLURZLONVS H.UXVNDO
:DOOLVS VHH6 IRU'XQQ 7HVW(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 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 VHH6 IRU'XQQ 7HVW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 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.UXVNDO:DOOLVS H VHH
6«««««««««««««««««««««««««««««
 $ 3HDN/RDG6KHOO9ROXPHN1P/YHUVXV,QIODWLRQVWURQJO\LQIODWHG Q 
LQIODWHG Q PRGHUDWHO\LQIODWHG Q DQGYHU\FRPSUHVVHG Q  6KDSLUR
ZLONVS H.UXVNDO:DOOLVS HVHHVXSSV IRU'XQQ¶V %
3HDN /RDG6KHOO 9ROXPH N1P/ YHUVXV LQIODWLRQ RI VKHOOV ZLWK FLUFXODU
JHQHUDWLQJ FXUYHV D  E Q    IRU HDFK VKDSH ;*:] 6KDSLUR ZLONV S  
.UXVNDO:DOOLVS HVHH6 IRU'XQQ 7HVW«««««
 ,PDJHVVKRZLQJFHSKDORSRGVHSWDLQQHUFKDPEHUZDOOVDQGVXWXUHVZKHUHVHSWD
PHHW WKH RXWHU VKHOO ZDOO FRPSOH[LW\ GHFUHDVHV IURP OHIW WR ULJKW 7RS 5RZ
6XWXUHV YLVLEOH RQ IRVVLO FHSKDORSRGV IURP WKH 3DOHRQWRORJLFDO 5HVHDUFK
,QVWLWXWLRQ UHVHDUFK FROOHFWLRQV $ DPPRQLWH VXWXUHV RQ &DGRFHUDV VXEODHYH
35,  % FHUDWLWLF VXWXUHV RQ *\PQRWRFHUDV EHDFKL 35,  &
JRQLDWLWLF ,PLWRFHUDV URWDWRULXP 35,  ' QDXWLORLG VXWXUHV RQ
$FWLQRFHUDV EHORLWHQVH 35, %RWWRP5RZ&RPSXWHUJHQHUDWHGPRGHOVRI
FHSKDORSRG FKDPEHUV ELVHFWHG WR VKRZ FURVV VHFWLRQ RI VHSWD $ DPPRQLWLF
VHSWD RI'LSORPRFHUDV ) FHUDWLWLF VHSWD RI2WRFHUDV * JRQLDWLWLF VHSWD RI
6FKLVWRFHUDV+QDXWLORLGVHSWDRI(LIHORFHUDV«««««««««««««
 &RPSDULVRQ RI IRVVLO DQG PRGHO DPPRQRLGV $ %DFXOLWHV VS 35, 
)RVVLO LV LQILOOHG VXFK WKDW VXWXUH OLQHV UHPDLQ YLVLEOH % ' %DFXOLWH PRGHO
JHQHUDWHGLQ%OHQGHU&'SULQWHG'LSORPRFHUDV PRGHO FUHDWHGLQ %OHQGHU
SULQWHGRQ )RUPODEV)RUP««««««««««««««««««
 9LROLQ SORW SHDN ORDG N1 VXVWDLQHG E\ PRGHOV ZLWK GLIIHUHQW VHSWDO W\SHV
GHFUHDVLQJ LQ FRPSOH[LW\ IURP OHIW WR ULJKW DPPRQLWLF FHUDWLWLF JRQLDWLWLF
QDXWLORLGDQGVWUDLJKW FRQWURO:LGWKRI VSLQGOHV LQGLFDWHGGLVWULEXWLRQRIGDWD
SRLQWVEODFN0HDQVIRUHDFKVHSWDOVKDSH DUHUHSUHVHQWHGE\UHGWULDQJOHV«
 3HDN ORDGV VXVWDLQHG E\ PRGHOV RI GLIIHUHQW JHQHUD ZLWK GLIIHUHQW VHSWDO
PRUSKRORJLHV $ 9LROLQ SORW SHDN ORDG N1 VXVWDLQHG E\PRGHOV RI GLIIHUHQW
JHQHUD GHFUHDVLQJLQVHSWDOFRPSOH[LW\IURPOHIWWRULJKW OHIW :LGWKRIVSLQGOHV
LQGLFDWHG GLVWULEXWLRQ RI GDWD SRLQWV EODFN 0HDQV IRU HDFK VHSWDO VKDSH DUH
UHSUHVHQWHG E\ UHG WULDQJOHV ,PDJHV RI ' PRGHOV RULHQWHG WR VKRZ VHSWD
PDWFKLQJILJXUHOHJHQGULJKW %(/RDGN1YHUVXVGLVSODFHPHQWPPFXUYHV
IRU % DPPRQLWLF & FHUDWLWLF ' JRQLDWLWLF ( QDXWLORLG DQG VWUDLJKW
VHSWD«««««««««««««««««««««««««««««
 6DPSOH LPDJHV RIPRGHOV GXULQJ FRPSUHVVLRQ WHVWV LQ ,QVWURQ8QLYHUVDO WHVWLQJ
PDFKLQH,QVWURQSODWHV DUH OLQHGZLWKVDQGSDSHU7RSURZDPPRQLWLFPRGHOV$
'LSORPRFHUDV % %DFXOLWHV &'RXYLOOHLFHUDV 6HFRQG URZ FHUDWLWLF PRGHOV



















,QWHUDFWLRQV EHWZHHQ SUHGDWRUV DQG WKHLU SUH\ DUH ZLGHO\ EHOLHYHG WR EH DQ
LPSRUWDQWPDFURHYROXWLRQDU\ GULYHU RI FKDQJH LQ HFRV\VWHPV DQG WKH RUJDQLVPVZKLFK
LQKDELW WKHP3UHGDWRUSUH\ LQWHUDFWLRQVDUHFDSWXUHG LQ WKH IRVVLO UHFRUGERWKH[SOLFLWO\
DQG LPSOLFLWO\([SOLFLW HYLGHQFHRIWHQGLVSOD\V DV VXFFHVVIXO DWWHPSWV DW SUHGDWLRQ IRU
H[DPSOHVWRPDFKDQGFRSUROLWH IRVVLOL]HGIHFHVFRQWHQWVRUIRVVLOVZKLFKSUHVHUYHWKH
LQVWDQW DQ RUJDQLVP ZDV IHHGLQJ 0F$OOLVWHU  )UH\ DQG 7LVFKOLQJHU  IRU
DFFLGHQWDO IHHGLQJ ,PSOLFLW HYLGHQFH RI SUHGDWRUSUH\ UHODWLRQVKLSV JHQHUDOO\ FRPHV
IURP  XQVXFFHVVIXO SUHGDWLRQ DQG  IXQFWLRQDO PRUSKRORJ\   8QVXFFHVVIXO
SUHGDWLRQDWWHPSWVRIWHQ OHDYH VFDUVRQSUH\GHPRQVWUDWLQJ WKDW WKHRUJDQLVPVXUYLYHG
DQG KHDOHGDIWHUDQDWWDFN/HLJKWRQ+XQWOH\DQG.RZDOHZVNL0ROLQDURHW
DO 'LHWO HW DO   ,Q WKHVH FDVHV LW FDQ EH GLIILFXOW WR DWWULEXWH VFDUV WR D
VSHFLILF SUHGDWRU 'LHWO HW DO  $OH[DQGHU DQG 'LHWO   )XQFWLRQDO
PRUSKRORJ\ WKHFRQFHSW WKDW IRUPRUVKDSH UHIOHFWV IXQFWLRQFDQDOVREHXVHG WR LQIHU
Ϯ
ZKDW W\SHV RI SUH\ D SUHGDWRU PLJKW KDYH FRQVXPHG )RU H[DPSOH GHQWLWLRQ DQG MDZ
PRUSKRORJ\DUHRIWHQXVHGWRGLIIHUHQWLDWHEHWZHHQWKHOLNHOLKRRGRIFRQVXPLQJKDUGRU
VRIW SUH\ 0DVVDUH 6FKXOS HW DO  6LPLODUO\ WKHPRUSKRORJ\RISUH\FDQ
LQGLFDWHPRGHV RI GHIHQVH DJDLQVW SUHGDWRUV HJ DUPRU DQG EHKDYLRUV OLNH EXUURZLQJ
DQG HVFDSH 6WDQOH\  5LWWHUEXVK DQG %RWWMHU  7KHVH TXDOLWLHV PDNH
IXQFWLRQDO PRUSKRORJ\ D FULWLFDO WRRO IRU DQDO\]LQJ HFRORJLFDO VHOHFWLYH SUHVVXUHV LQ
DQFLHQW HFRV\VWHPV 7KLV LV SDUWLFXODUO\ WUXH GXULQJ HSLVRGHV RI PDMRU HFRV\VWHP
UHVWUXFWXULQJ LQ ZKLFK SUHGDWRUSUH\ LQWHUDFWLRQV PD\ KDYH SOD\HG D NH\ UROH +HUH ,
SURYLGH DQ LQWURGXFWLRQ WR RQH VXFK HYHQW WKH 0HVR]RLF 0DULQH 5HYROXWLRQ GXULQJ
ZKLFKPROOXVNVDQGPDQ\RWKHUWD[D HYROYHGQHZGHIHQVLYHEHKDYLRUVDQGPRUSKRORJLHV
7KH HYROXWLRQ RIPROOXVN VKHOO VKDSH DQG VWUHQJWK XQGHU SUHVVXUHV IURP VKHOOFUXVKLQJ
SUHGDWRUVLVWKHIRFXVRIWKHIROORZLQJFKDSWHUV
7KH0HVR]RLF0DULQH5HYROXWLRQ
³,Q RWKHU ZRUGV WKH 0HVR]RLF UHYROXWLRQ UHFRJQL]HG E\ WKH SUHIHUHQWLDO VXUYLYDO RI
SRZHUIXO FRQVXPHUV DQGZHOODUPHG SUH\ RYHU VSHFLHV OHVV ZHOO DGDSWHG WR SUHGDWLRQ
UHIOHFWV XQXVXDOO\ LQWHQVH VSHFLHV VHOHFWLRQ LW XSVHW WKH VWDWXV TXR ZKLFK KDV EHHQ
HVWDEOLVKHGVLQFHWKH(DUO\3DOHR]RLF´ 9HUPHLMD
7KH 0HVR]RLF ZDV D WLPH RI JUHDW FKDQJHV LQ JOREDO PDULQH HFRV\VWHPV
6SHFLILFDOO\ WKH0HVR]RLF0DULQH 5HYROXWLRQ 005 LV FRPPRQO\ XQGHUVWRRG DV DQ
HYHQW ZKLFK UHVWUXFWXUHG VKDOORZ ZDWHU PDULQH FRPPXQLWLHV GXULQJ WKH -XUDVVLF DQG




HQHUJHWLFDOO\ H[SHQVLYH IRUPV RI SUHGDWLRQ OLNH GULOOLQJ DQGGXURSKDJ\ VKHOOFUXVKLQJ
9HUPHLM D ,W KDV DOVR EHHQ VXJJHVWHG WKDW SUH\ GHYHORSHG PRUSKRORJLHV WKDW
DSSHDUHG WR EH PRUH GHIHQVLYH DJDLQVW WKHVH SUHGDWRU\ VWUDWHJLHV $GGLWLRQDOO\ VRIW
ERWWRP EHQWKLF DQLPDOV DQG HSLIDXQDO DQLPDOV OLYLQJ RQ WKH VHGLPHQW EHFDPH
LQFUHDVLQJO\LQIDXQDOOLYLQJLQWKHVHGLPHQW GXULQJWKH0HVR]RLF6WDQOH\  6LQFH
WKHLQLWLDOSURSRVDO RIWKH005E\*HHUDW9HUPHLM LQ WKHWHPSRUDODQGHFRORJLFDO
H[WHQW RI WKH UHYROXWLRQ DQG WKHPDUNHUV E\ZKLFK LW LV UHFRJQL]HG LQ WKH IRVVLO UHFRUG
KDYH YDULHG LQ WKH OLWHUDWXUH )RU H[DPSOH -DEORQVNL  H[SODLQHG WKH005DV DQ
LQFUHDVHLQERWKVKHOOSHQHWUDWLQJSUHGDWLRQDQGLQSUH\GHIHQVHV IROORZLQJWKH3DOHR]RLF
+H HPSKDVL]HG WKDW WKH VLJQLILFDQFH RI WKH 005 ZDV QRW VLPSO\ WKH GLIIHUHQFHV LQ
PRUSKRORJ\ EHWZHHQ 3DOHR]RLF DQG &HQR]RLF IDXQDV EXW KRZ WKHVH FKDQJHV LQ
PRUSKRORJ\ UHODWH WR SUHGDWRUSUH\ LQWHUDFWLRQV -DEORQVNL  DQG UHIV WKHUHLQ
)LQQHJDQ HW DO  KLJKOLJKWHG HFRV\VWHP FRPSRVLWLRQ GHILQLQJ WKH 005 DV WKH
WUDQVLWLRQZKLFK HVWDEOLVKHG WKH VWUXFWXUH RIPRGHUQ EHQWKLFPDULQH HFRV\VWHPV LQ WKH
-XUDVVLF DQG (DUO\ &UHWDFHRXV  0D 5DWKHU WKDQ IRFXVLQJ RQ HFRV\VWHP
FRPSRVLWLRQ .HUU DQG .HOOH\  UHIHUUHG WR WKH 005 DV D VHULHV RI HSLVRGHV
HQFRPSDVVLQJLQFUHDVHGSUHGDWLRQLQWHQVLW\UHVXOWLQJIURPWKHGLYHUVLILFDWLRQ RISUHGDWLRQ
VWUDWHJLHVDQGWKHLQWURGXFWLRQRIQHZSUHGDWRUV
$V WKH OLWHUDWXUH HYROYHG HYHQ 9HUPHLMPRGLILHGKLV RULJLQDO GHVFULSWLRQ RI WKH
005 ,Q  9HUPHLM VXJJHVWHG WKDW WKHUH ZHUH DFWXDOO\ WZR WHPSRUDO HSLVRGHV RI
ϰ
FKDQJH LQ WKH0HVR]RLF 7KH ILUVW UHYROXWLRQ RFFXUUHG IURP WKH /DWH 7ULDVVLF WR (DUO\
-XUDVVLFDQGWKHVHFRQGGXULQJ WKHPLG&UHWDFHRXV0D+HSRVLWHGWKDWWKHUHZHUH
DERXW ± PLOOLRQ \HDUV EHWZHHQ WKH ILUVW DQG VHFRQG HYHQWV GXULQJ ZKLFK
GLYHUVLILFDWLRQ RFFXUUHG LQ PDQ\ FODGHV EXW ZLWK UHODWLYHO\ IHZ DGDSWLYH LQQRYDWLRQV
9HUPHLM   7KHVH HSLVRGHV ZHUH PDUNHG E\ LQFUHDVHG SUHGDWLRQ
DFFRPSDQLHG E\ LQFUHDVHG KHUELYRU\ ELRWXUEDWLRQ ELRHURVLRQ DQG QXWULHQW F\FOLQJ
%HFDXVH WKHVH HYHQWV ZHUH ERWK PDULQH DQG WHUUHVWULDO 9HUPHLM  SJ  EHJDQ
XVLQJ WKH WHUP ³0HVR]RLF UHYROXWLRQ´ LQ SODFH RI WKH IRUPHU 005 WKRXJK WKH WHUP
³005´KDVSHUVLVWHGLQWKHOLWHUDWXUH
7KH SUHYDLOLQJ K\SRWKHVL]HG GULYLQJ PHFKDQLVP RI WKH 005 LV NQRZQ DV
HVFDODWLRQ(VFDODWLRQJHQHUDOO\GHVFULEHVVFHQDULRVLQDWRSGRZQPDQQHUZKHUHE\ SUH\
HYROXWLRQLVGULYHQE\HYROYLQJWRHYDGHDQGGHIHQG WKHPVHOYHVDJDLQVWSUHGDWRUV9|U|V
9HUPHLMD .HUUDQG.HOOH\  0DQ\DXWKRUVKDYHDVFULEHGWKHLU
RZQ UHODWHG EXW GLVWLQFW GHILQLWLRQV RI HVFDODWLRQ .HUU DQG .HOOH\  GHILQHG
HVFDODWLRQDVDSUH\VSHFLHV¶HYROXWLRQLQUHDFWLRQWRVHOHFWLRQSUHVVXUHVIURPLQWHUDFWLRQV
ZLWKWKHLUHQHPLHV -DEORQVNLGHVFULEHGHVFDODWLRQDVDSUH\UHVSRQVHWRVHOHFWLRQ
E\ LQFUHDVLQJO\ GDQJHURXV SUHGDWRUV  :KLOH 9HUPHLM  RULJLQDOO\ GHVFULEHG WKH
005DVDVLQJOHHVFDODWRU\HYHQWKHODWHUVXJJHVWHGWKDWWKH005ZDVDQH[DPSOHRIDW
OHDVW VHYHQ HSLVRGHV RI HVFDODWLRQ ZKLFK KH GHILQHG DV ³HQHP\GULYHQ HYROXWLRQ´




:KLOH VKHOOFUXVKLQJ SUHGDWRUV LQKDELWHG WKH RFHDQV ORQJ EHIRUH WKH0HVR]RLF
WKH\DUH DWWKHFHQWHURIWKH005K\SRWKHVLV9HUPHLMD %UHWW DQG :DONHU 
,Q WKH 0HVR]RLF VKHOOFUXVKLQJ SUHGDWRUV EHFDPH D PRUH VLJQLILFDQW SRUWLRQ RI WKH
PDULQHIDXQDWKDQWKH\KDG EHHQLQWKH3DOHR]RLF LQFUHDVLQJIURPUHSUHVHQWLQJWR
RI JHQHUD0XFKRI WKLV LQFUHDVHZDV GULYHQ E\7ULDVVLF DPPRQRLGVZKLFKZHUH
ERWKGXURSKDJRXVSUHGDWRUVDQGSUH\WRRWKHUSHODJLFSUHGDWRUV%UD\DUGHWDO.HUU
	.HOOH\ $OWKRXJKVRPHDUWKURSRGVPLJKWKDYHEHHQGXURSKDJRXV LQ WKH/DWH




0HVR]RLF YHUWHEUDWH GXURSKDJHV ZHUH ODUJHO\ ILVKHV DQG PDULQH UHSWLOHV )RU
H[DPSOH +\ERGRQWLIRUPHV K\ERGRQW VKDUNV RULJLQDWHG E\ WKH &DUERQLIHURXV DQG
GLYHUVLILHGLQWKH7ULDVVLF7KH\ZHQW RQWREHFRPHGRPLQDQWGXURSKDJRXVSUHGDWRUV LQ
WKH-XUDVVLF DQGSHUVLVWHG LQWR WKH/DWH&UHWDFHRXV&RDWHV	 *HVV5HHV
7KH%DWRLGHD WKHPRVW VSHFLRVH FODGH RI H[WDQW FKRQGULFKWK\DQV DURVH LQ WKH -XUDVVLF
DQGZHUH GXURSKDJRXV E\ WKH &UHWDFHRXV %LJHORZ	 6FKURHGHU  'XURSKDJRXV
QHRSWHU\JLDQVRULJLQDWHGLQWKH3HUPLDQDQG GLYHUVLILHGVLJQLILFDQWO\LQWKH1RULDQ/DWH
7ULDVVLF ZKHQ 3\FQRGRQWLIRUPHV 6HPLRQRWLIRUPHV 0DFURVHPLLIRUPHV DQG
3KROLGRSKRULIRUPHV UDGLDWHG 7LQWRUL HW DO  6RPH RI WKHVH GXURSKDJRXV
QHRSWHU\JLDQVPD\KDYHRFFXSLHGSUHYLRXVO\XQGHUXWLOL]HGQLFKHVEHFDXVHRIWKHLUDELOLW\
ϲ
WR IHHG RQ KDUG SUH\ 7LQWRUL HW DO  0DULQH UHSWLOHV VXFK DV LFKWK\RVDXUV DQG
SODFRGRQWV ZLWK VSHFLDOL]HG GXURSKDJRXV GLHWV DSSHDUHG LQ WKH 7ULDVVLF YRQ +XHQH
9HUPHLM D0RWDQL 1HQQDQ HW DO  )XUWKHUPRUHPRVDVDXUV D
GLYHUVHDQGZLGHVSUHDGJURXS RIPDULQH UHSWLOHVRULJLQDWHG LQ WKH /DWH&UHWDFHRXVDQG
ZHQWH[WLQFWDW WKHHQGRIWKH&UHWDFHRXV.DXIIPDQDQG .HVOLQJ0DUWLQ
6SHFLILFDOO\*ORELGHQV DPRVDVDXU IURP WKH/DWH&UHWDFHRXV 3LHUUH 6KDOH*URXS KDV
EHHQLGHQWLILHGDVGXURSKDJRXVE\LWVJOREXODUWHHWK0DUWLQDQG )R[
3UH\
:KLOHGXURSKDJHVIHG RQ YDULRXV LQYHUWHEUDWHVGXULQJWKH005SUHYLRXVVWXGLHV
KDYH ODUJHO\ IRFXVHG RQ WKHLU PROOXVFDQ SUH\ JDVWURSRGV ELYDOYHV DQG FHSKDORSRGV
(YLGHQFH IRUPROOXVNV DGDSWLQJ WR SUHGDWRUV GXULQJ WKH0HVR]RLF DUH FKLHIO\ EDVHG RQ
EHKDYLRUDO DQG SK\VLFDO GHIHQVHV²ERWK RI ZKLFK DUH GHULYHG IURP VKHOO VKDSH YLD
IXQFWLRQDOPRUSKRORJ\ %HKDYLRUDO GHIHQVHV DUH UHFRJQL]HG IURP FKDQJLQJ OLIHPRGHV
VXFKDV WLHULQJ IHHGLQJDQGPRWLOLW\ WKDWPLJKWDOORZIRUKLGLQJFHPHQWLQJRUHVFDSH
%XVKDQG%DPEDFK7KHVHOLIHPRGHVDUHXQGHUVWRRGEDVHGRQVKHOOVKDSHVZKLFK
ZRXOG DOORZ IRU VSHFLILF KDELWV 6WDQOH\   3K\VLFDO GHIHQVHV LQFOXGH FKDQJHV WR
VKHOO VKDSH ZKLFK ZHUH LQWHUSUHWHG WR VKRZ DQ LQFUHDVH LQ VWUHQJWK DQG UHVLVWDQFH WR
FUXVKLQJ
%HKDYLRUDO'HIHQVHV
'XULQJ WKH 0HVR]RLF LQYHUWHEUDWHV LQFUHDVLQJO\ HPSOR\HG ³DYRLGDQFH
LQIDXQDOL]DWLRQ HVFDSH IDFXOWDWLYH PRELOLW\ DQG UHVLVWDQFH FHPHQWDWLRQ´ DV
ϳ
GHIHQVLYH WDFWLFV 7DFNHWW  SJ  7KHVH FKDQJHV LQ OLIHPRGH DUH EHOLHYHG WR
KDYHEHHQPRUHHIIHFWLYH GHIHQVHV WKDQWKHLUFRXQWHUSDUWVLPPRELOHXQDWWDFKHGHSLIDXQD
7DFNHWW  )URP WKH /DWH 7ULDVVLF WKURXJK WKH HQG RI WKH0HVR]RLF LQYHUWHEUDWH
LQIDXQDO OLIHPRGHV WKRVH OLYLQJ LQ WKH VHGLPHQW JHQHUDOO\EHFDPHPRUHFRPPRQWKDQ
HSLIDXQDO OLIH PRGHV WKRVH OLYLQJ RQ WKH VHGLPHQW DQG PRELOH WD[D EHFDPH PRUH
FRPPRQWKDQLPPRELOHWD[D7DFNHWW)RUH[DPSOH SHFWLQLGVJHQHUDWHGWKHDELOLW\
WR VZLP LQ WKH /DWH 7ULDVVLF +DXWPDQQ HW DO  DQG VRPH ELYDOYHV EHFDPH
FHPHQWHUV LQ WKH 7ULDVVLF SDUWLFXODUO\ GXULQJ WKH 1RULDQ 7DFNHWW 	 %RWWMHU 
$GGLWLRQDOO\LQWKH/DWH7ULDVVLFFHPHQWHGELYDOYHVJDLQHGFRPSOH[KLQJHDUWLFXODWLRQ
HQGROLWKLF ELYDOYHV EHJDQ GHHSO\ ERULQJ DQG FULQRLGV EHFDPH LQFUHDVLQJO\ PRWLOH
9HUPHLM 'XULQJ WKH0LGGOH/DWH7ULDVVLF WKHUHZDV D SUHIHUHQWLDO UDGLDWLRQRI
PRWLOHFULQRLGVZKLFKZDVDWWULEXWHGWRSUHGDWLRQE\FLGDURLGHFKLQRLGV %DXPLOOHUHWDO
 %\ WKH(DUO\-XUDVVLFHFKLQRLGVKDGEHFRPH LQIDXQDODQGKDGGHYHORSHGPRUH
GHQVHO\ FRQFHQWUDWHG WXEH IHHW DIIRUGLQJ HFKLQRLGV KLJKHU PRWLOLW\ %DXPLOOHU HW DO
,QWKH/DWH&UHWDFHRXVVRIWERWWRPEHQWKLFDQLPDOV DQGHSLIDXQDODQLPDOVEHFDPH
LQFUHDVLQJO\ LQIDXQDO 6WDQOH\  %\VDOO\ DWWDFKHG VHPLLQIDXQDO IRUPV DOVR
GHFUHDVHGZKLOHLQIDXQDOVLSKRQDWHELYDOYHVLQFUHDVHG SDUWLFXODUO\LQ WKH ODWH0HVR]RLF
6WDQOH\0XFKRI WKH0HVR]RLF&HQR]RLFIDXQDZDV LQIDXQDO HJ
GHHSEXUURZLQJP\RLGVDQGYHQHURLGV%XVK DQG%DPEDFK $GGLWLRQDOO\WKHUH




$ ODUJH SRUWLRQ RI 9HUPHLM¶V RULJLQDO K\SRWKHVLV IRU WKH 005 ZDV EDVHG RQ
FKDQJHV LQ WKH VKDSHV RI VKHOOHG PROOXVNV ZKLFK KH LQWHUSUHWHG DV D VKLIW WRZDUGV
LQFUHDVLQJ ³VKHOO VWXUGLQHVV´ 9HUPHLM D  +H SRVLWHG WKDW IHDWXUHV ZKLFK
GLPLQLVKHGVWXUGLQHVVGHFUHDVHG LQIUHTXHQF\ZKLOHWKRVHZKLFKDGGHGWRVKHOOVWUHQJWK
LQFUHDVHGRYHUWLPH+H FLWHG VHYHUDOJHQHUDOL]HGWUHQGVRYHUWLPH UHGXFHGSUHVHQFHRI
XPELOLFLRSHQFRLOLQJDQGSODQLVSLUDOFRLOLQJLQFRQWUDVWWRLQFUHDVHGSUHVHQFHRIVWURQJ
H[WHUQDO VFXOSWXUH QDUURZ HORQJDWH DSHUWXUHV DQG DSHUWXUDO GHQWLWLRQ 9HUPHLM 
 )RUH[DPSOHJDVWURSRGV LQ WKH/DWH7ULDVVLFGHYHORSHGEUHDNDJHUHVLVWDQW
VFXOSWXUH DQG LQ WKH (DUO\ -XUDVVLF WKH\ GHYHORSHG QDUURZ DGXOW DSHUWXUHV ZKLFK PD\
KDYH EHHQ PRUH SUHGDWLRQ UHVLVWDQW  9HUPHLM  DOVR QRWHG D VKLIW IURP
DUFKHRJDVWURSRGV ZKLFK GRPLQDWHG WKH 7ULDVVLF WR QRQXPELOLFDWH PHVRJDVWURSRGV
-XUDVVLFDQG&UHWDFHRXVDQGQHRJDVWURSRGV/DWH&UHWDFHRXV QRWHWKDWWKHVHWHUPVDUH
QRORQJHUXVHGDVJDVWURSRG WD[RQRP\KDVEHHQUHILQHG DQGWKHVHJURXSVZHUHIRXQGQRW
WR EH PRQRSK\OHWLF 6RKO  9HUPHLM D 3ODQLVSLUDO IRUPV EHFDPH OHVV
FRPPRQLQ WKH&UHWDFHRXV9HUPHLM 2SHQFRLOLQJ VKHOOVGHFUHDVHG LQGLYHUVLW\
DQG DEXQGDQFH RYHU WLPH 5H[	 %RVV  ,Q WKH /DWH0HVR]RLF JDVWURSRGV DOVR
GHYHORSHG WKH DELOLW\ WR UHPRGHO VKHOO LQWHULRUV ZKLFK PLJKW KDYH DOVR DOORZHG IRU
LQFUHDVHGVKHOOVWXUGLQHVV 9HUPHLMD7KHGHYHORSPHQWRIVSLQHVZKLFKLQFUHDVHG
HIIHFWLYH VL]H WKH VL]H RI WKHSUH\ IRU DSUHGDWRU WRKDQGOHPD\KDYHEHHQEHQHILFLDO
DJDLQVWFUXVKLQJ DVZHOO 9HUPHLMDQGUHIHUHQFHV WKHUHLQ ,WVKRXOGEHQRWHGWKDW
DOWKRXJKWKHVHWUHQGVKDYHEHHQGLVFXVVHGLQWKHOLWHUDWXUHPDQ\RIWKHPKDYH\HWWREH
ϵ
WKRURXJKO\ TXDQWLWDWLYHO\ DQG H[SHULPHQWDOO\ WHVWHG IRU WKHLU K\SRWKHVL]HG GHIHQVLYH
SXUSRVHV 7KHVH FKDQJHV LQ VKHOO VKDSHZHUH OLNHO\ H[SHQVLYH IRU WKHVH RUJDQLVPV)RU
H[DPSOHJDVWURSRGV IURP WKH /DWH&UHWDFHRXVZHUH IRXQG WRKDYH D LQFUHDVH LQ
PHDQ SHU FDSLWDPHWDEROLF UDWH FRPSDUHG WR/DWH7ULDVVLF JDVWURSRGV )LQQHJDQ HW DO
 7KXV VXSSRUW IRU LQFUHDVLQJ ³EHQWKLF HQHUJ\ EXGJHWV´ ZDV OLNHO\ UHODWHG WR
FKDQJHV LQSULPDU\SURGXFWLRQ
 3ULPDU\ 3URGXFHUV
7KH0HVR]RLF ZRUOG ZDV UDGLFDOO\ GLIIHUHQW IURP WKH3DOHR]RLF ZRUOG$ZDUP
JOREDO FOLPDWH DQG GHFUHDVHG WHPSHUDWXUH JUDGLHQW OHG WR VOXJJLVK RFHDQ FLUFXODWLRQ
9HUPHLMD3ULPDU\SURGXFWLRQ DOVRFKDQJHGVXEVWDQWLDOO\ERWKRQODQGDQGLQWKH
RFHDQ %DPEDFK$OOPRQDQG0DUWLQ,QWKHRFHDQWKHUHZDVDPDMRUVKLIW
IURP JUHHQ SK\WRSODQNWRQ WR UHG SK\WRSODQNWRQ VXFK DV GLDWRPV GLQRIODJHOODWHV DQG
FRFFROLWKRSKRUHVZKLFKUDGLDWHG DVVHDOHYHOURVHDQGFRQWLQHQWDOVKHOIDUHDH[SDQGHGLQ
WKH0HVR]RLF )DONRZVNL HW DO  5HG SODVWLGV ZHUH OLNHO\ DGYDQWDJHRXV DV WKH\
DOORZHG IRU UHWHQWLRQ RI IL[HG QLWURJHQ ZLWKLQ WKH FHOO DQG WKH DFTXLVLWLRQ RI RUJDQLF
FDUERQ IURP SKRWRV\QWKHVLV VLPXOWDQHRXVO\ =DVODYVNDLD HW DO  )DONRZVNL HW DO
 7KLV SURSHUW\ ZRXOG KDYH EHHQ EHQHILFLDO GXULQJ ORQJWHUP HX[LQLF FRQGLWLRQV
)DONRZVNLHWDO$GGLWLRQDOO\WKHKRVW FHOOVRIUHGSODVWLGVZHUHSURWHFWHGIURP
JUD]HUV E\ DUPRU VLOLFHRXV FDOFDUHRXV HWF 9HULW\ 	 6PHWDFHN 
&RFFROLWKRSKRUHV DQGGLQRIODJHOODWHV DSSHDUHG LQ WKH /DWHU7ULDVVLF DQGGLQRIODJHOODWHV
UDGLDWHG LQ WKH (DUO\ -XUDVVLF )DONRZVNL HW DO  6LQFH GLQRIODJHOODWHV DQG
FRFFROLWKRSKRUHVWHQGWREHPRUHVXFFHVVIXO LQTXLHWFRQGLWLRQVWKH\OLNHO\WKULYHGLQWKH
ϭϬ
0HVR]RLF EHFDXVH WKH ZHDN ODWLWXGLQDO WKHUPDO JUDGLHQW FDXVHG VOXJJLVK FLUFXODWLRQ
&URZOH\ 	 1RUWK  +XEHU HW DO  'LDWRPV DSSHDUHG LQ WKH IRVVLO UHFRUG
GXULQJ WKH(DUO\&UHWDFHRXV DOWKRXJKPROHFXODU FORFNGDWHVSODFH WKHLU RULJLQ FORVH WR




VWURQJHU FLUFXODWLRQ &KDQGOHU HW DO %DUURQ HW DO 0RGHUQ GLDWRPV IRUP
ODUJH EORRPV DQG SHODJLF IRUPV DUH FRPSHWLWLYH DJDLQVW GLQRIODJHOODWHV DQG
FRFFROLWKRSKRUHV EHFDXVH WKH\KDYH D ODUJH QXWULHQW VWRUDJH YDFXROH 6PHWDFHN 
7KHVHYDFXROHVDOORZGLDWRPVWRKROGRQWR LQRUJDQLFQXWULHQWVGXULQJVKRUWWHUPSXOVHV
DQG ZLWKKROG WKHP IURP FRPSHWLWRUV PDNLQJ WKHP VXFFHVVIXO LQ DUHDV RI FRDVWDO
XSZHOOLQJ DQG WXUEXOHQW SDUWV RI WKH RSHQ RFHDQ )DONRZVNL HW DO  7R]]L HW DO
'LDWRPVKDYH LQFUHDVHG LQGLYHUVLW\ WKURXJK WKH&HQR]RLFZKLOHGLQRIODJHOODWHV
DQGFRFFROLWKRSKRUHVKDYHGHFUHDVHGLQGLYHUVLW\)DONRZVNLHWDO
$QRWKHU LPSRUWDQW DGGLWLRQ WR WKH 0HVR]RLF RFHDQV ZHUH VHDJUDVVHV ZKLFK
RULJLQDWHG GXULQJ WKH &UHWDFHRXV DQG JUHDWO\ LPSDFW WKH HFRV\VWHPV WKH\ LQKDELW
SURYLGLQJ VLPLODU OHYHOV RI HFRV\VWHP VHUYLFHV DV UDLQIRUHVWV DQG FRUDO UHHIV HJ(YD
&RVWDQ]DHWDO)RUTXUHDQHWDO6HDJUDVVPHDGRZVKROGQXWULHQWULFK
VHGLPHQWV DQG SURYLGH KDELWDW IRU VXVSHQVLRQIHHGLQJ DQG GHSRVLWIHHGLQJ RUJDQLVPV
6SHFLILFDOO\ WKHVHV PHDGRZV KRXVH HSLELRQWV EDFWHULD DOJDH PROOXVNV HFKLQRGHUPV
DQGEU\R]RDQV 3HUNLQVHWDO%UDVLHU 7KHLQWURGXFWLRQRIVHDJUDVV QHDUWKH
ϭϭ
HQG RI WKH 0HVR]RLF OLNHO\ LQFUHDVHG KDELWDW GLYHUVLW\ DQG LQFUHDVHG WKH GLVSHUVDO RI
VHVVLOH RUJDQLVPV %UDVLHU  (XWURSKLFDWLRQ RI WKH VHGLPHQWV LQ VHDJUDVV
FRPPXQLWLHV ZRXOG IRVWHU GHSRVLWIHHGHUV OLNH SURVREUDQFK JDVWURSRGV DQG PLOLROLG
IRUDPLQLIHUD ZKLFK ERWK GLYHUVLILHG LQ WKH0HVR]RLF %UDVLHU  &RQVXPHUV OLNH
WHOHRVWVDQGUD\VZKLFKIHGRQKHUELYRUHVDQGGHWULWXVIHHGHUVPD\KDYH DOVR EHQHILWHG
LQGLUHFWO\IURPVHDJUDVVHV%UDVLHU
3ULPDU\ SURGXFWLRQPXVW KDYH EHHQ DQ LPSRUWDQW FRPSRQHQW RI WKH005 EXW
SUHFLVHO\ KRZ HQYLURQPHQWDO FRQGLWLRQV SHUPLWWHG KLJKHU SURGXFWLRQ LV VWLOO XQFOHDU
2FHDQ SURGXFWLYLW\ GXULQJ WKLV WLPH LV OLQNHG WR WHUUHVWULDO FRQGLWLRQV 9HUPHLM 
7KHUHIRUH FKDQJHV LQ WHUUHVWULDO SULPDU\ SURGXFHUV GXULQJ WKH 0HVR]RLF DUH DOVR
LPSRUWDQW SDUWV RI H[SODLQLQJ PDULQH SKHQRPHQD )RU H[DPSOH ODQG SODQWV PD\ KDYH
VHUYHGDV QHZVRXUFHRIRUJDQLFPDWWHULQWKH0HVR]RLF7KHWKUHH WRIRXUIROGLQFUHDVH
LQ WKHSKRWRV\QWKHWLF FDSDFLW\RIDQJLRVSHUPVFRPSDUHG WRPRUHEDVDOSODQWV 0D








	 /HH  6SHFLILFDOO\ ZH PLJKW FRQVLGHU WKH SRWHQWLDO LPSOLFDWLRQV IURP WKH
ϭϮ








WKH IRVVLO UHFRUG+RZHYHU SUHYLRXV VWXGLHV RI WKH HYROXWLRQ RI SUH\ VKDSH GXULQJ WKH
0HVR]RLF KDYH QHJOHFWHG WR XVH TXDQWLWDWLYH H[SHULPHQWDO WHVWV5LJRURXV H[SHULPHQWDO
VWXGLHV RI WKH IRVVLO UHFRUG DUH FKDOOHQJLQJ EHFDXVH LVRODWLQJ WKH LQIOXHQFH RI VSHFLILF
VHOHFWLYH SUHVVXUHV LQ ELRORJLFDO DQG KLVWRULFDO V\VWHPV LV GLIILFXOW )RU H[DPSOH
VWXG\LQJRQHDVSHFWRIVKHOOPRUSKRORJ\VXFKDVWKLFNQHVVLVKDUG EHFDXVHWKHQXPHURXV
RWKHUIDFWRUV LQIOXHQFHWKHPRUSKRORJ\RID JLYHQLQGLYLGXDOVL]HOLIHKLVWRU\OLIHPRGH
HWF 2QH DSSURDFK WR IXUWKHU DQDO\]H WKH VXJJHVWHG LPSDFW RI SUHGDWRUV RQ SUH\
HYROXWLRQ LV WR FUHDWH LGHDOL]HG VWXG\ V\VWHPV IRU FRPSDULVRQ WR WKH IRVVLO UHFRUG
7KHUHIRUH LQVWHDG RI DVNLQJ RXUVHOYHV ³:KDW KDSSHQHG"´ EDVHG RQ H[DPLQLQJ IRVVLOV
DORQHZHPD\DVN³:KDWZRXOGZHH[SHFWWKHIRVVLOUHFRUGWRORRNOLNHLQDWKHRUHWLFDO
RUH[SHULPHQWDOFDVH"´ ,KDYHHPSOR\HGH[SHULPHQWDOPHWKRGVWRLVRODWHWKHLQIOXHQFHRI




([SHULPHQWDO PHWKRGV XVLQJ ' SULQWLQJ LV D UHODWLYHO\ QHZ DSSURDFK LQ
SDOHRQWRORJ\ -RKQVRQDQG&DUWHUGHVSLWHLWVZLGHDSSOLFDWLRQLQUHODWHGVFLHQFHV
ELRORJLFDOPHGLFDOHQJLQHHULQJHWF 0DWLDV DQG5DR0F0HQDPLQ HWDO
:DONHU DQG+XPSKULHV  DQGUHIVWKHUHLQ:KLOHSULQWLQJKDVEHHQXVHGH[WHQVLYHO\
IRUHGXFDWLRQDOSXUSRVHV LQ SDOHRQWRORJ\ SULPDULO\ ZLWK VLPSOHSODVWLFV VXFKDV$%6
5DKPDQ HW DO  /DXWHQVFKODJHU DQG 5FNOLQ  +DVLXN  *UDQW HW DO
PDWHULDOVZLWKSURSHUWLHVZKLFKDUH PRUHXVHIXOIRUFHUWDLQH[SHULPHQWDOWHVWVDUH
QRZDYDLODEOHSRZGHUPHWDOUHVLQHWF +DVLXN5HQJLHUHWDO 6LQFHWKH
KDUGSDUWVRIDQLPDOVZKLFKDUHSUHVHUYHG LQ WKHIRVVLO UHFRUGDUHQHDUO\DOZD\VEULWWOH
WKH DGYHQW RI EULWWOH SULQWLQJ PDWHULDOV KDV JUHDWO\ H[SDQGHG WKH UDQJH RI SRVVLEOH
H[SHULPHQWDO WHVWV RI IXQFWLRQDOPRUSKRORJ\ ZLWK UHJDUGV WR SUHGDWRUSUH\ LQWHUDFWLRQV
&URIWV DQG 6XPPHUV  .ROPDQQ HW DO  6SHFLILFDOO\ EULWWOH ' SULQWHG
PDWHULDOVFDQEHXVHGWRWHVW K\SRWKHVHVDERXWWKHUHODWLRQVKLSVEHWZHHQVKHOOVKDSHDQG
VWUHQJWK ZKLOH QHJDWLQJ GLIIHUHQFHV LQ PLFURVWUXFWXUH DQG WKLFNQHVV ZKLFK YDU\
WD[RQRPLFDOO\ DQG WHPSRUDOO\ &URIWV DQG 6XPPHUV  .ROPDQQ HW DO  '













 6KRMDHL HW DO  2NDEH DQG <RVKLPXUD  +HUH , IRFXV RQ WKH VKHOO
PRGHOVRI'DYLG5DXSZKRVHPRGHOV VHUYHG DV WKHEDVLV IRUP\RZQDSSURDFK0RVW
PROOXVNVKHOOVZKHWKHUELYDOYH JDVWURSRG RUDPPRQRLG FDQEHPRGHOHGE\ZUDSSLQJD
KROORZ WXEH DURXQG DQ D[LV LQ D ORJDULWKPLF VSLUDO :HOO NQRZQ H[FHSWLRQV WR WKHVH
PRGHOV LQFOXGH KHWHURPRUSK DPPRQRLGV ZKRVH JURZWK LV LUUHJXODU 6KHOO JURZWK
SULPDULO\ WDNHV SODFH E\ DFFUHWLRQ DGGLQJPDWHULDO WR WKHPDUJLQ RI WKH DSHUWXUH 7KH
PDUJLQ RI WKH VKHOO DW ZKLFK PDWHULDO LV DGGHG LV UHIHUUHG WR PDWKHPDWLFDOO\ DV WKH









KLJKZKRUO H[SDQVLRQ UDWHV DQG OLPLWHG URWDWLRQ DURXQG D FRLOLQJ D[LV WR UHVXOW LQ WZR
YDOYHVILWWLQJWRJHWKHU3ODQLVSLUDOVKHOOVVXFKDVWKRVHRIFRLOHGDPPRQRLGVKDYH7 
DV WKHUH LV QRW WUDQVODWLRQ GXULQJJURZWK , DGRSWHG WKLVPHWKRGRIPRGHOOLQJ WR FUHDWH
WKUHHGLPHQVLRQDO H[SHULPHQWDO UHSUHVHQWDWLRQVRI WKHRUHWLFDO VKHOOPRUSKRORJLHVZKLFK
FDQWKHQEHVXEMHFWHGWRSK\VLFDOELRPHFKDQLFDOWHVWLQJ
,Q WKH IROORZLQJ FKDSWHUV , SUHVHQW D UHYLHZ RI WKH PHWKRGV XVHG WR FRQGXFW
FRPSUHVVLRQ H[SHULPHQWV RQ UHDO PROOXVNV ,Q DGGLWLRQ , SUHVHQW WKUHH H[SHULPHQWDO
VWXGLHV LQZKLFK ,¶YHHPSOR\HGFRPSUHVVLRQH[SHULPHQWVRQPDWKHPDWLFDOO\JHQHUDWHG
'SULQWHGWKHRUHWLFDOPROOXVNVKHOOV )LUVW,FRQGXFWHG DVWXG\RIUHODWLRQVKLSVEHWZHHQ
JDVWURSRGVKHOO VKDSH DQGVWUHQJWK ,Q WKLV VWXG\ ,H[SHULPHQWDOO\ WHVWHG WKHK\SRWKHVLV
WKDW FHUWDLQ VWUXFWXUDOO\ ³ZHDN´ JDVWURSRG PRUSKRORJLHV GHFUHDVHG LQ IUHTXHQF\
IROORZLQJ LQFUHDVLQJ VKHOOFUXVKLQJ SUHGDWLRQ SUHVVXUHV GXULQJ WKH 005 6HFRQG ,
WHVWHG WUDGHRIIV EHWZHHQ ELYDOYH VKHOOPRUSKRORJLHVZKLFK DOORZHG IRU EHKDYLRUDO DQG
PHFKDQLFDO GHIHQVHV DJDLQVW VKHOOFUXVKLQJ SUHGDWRUV7KLV VWXG\ZDVPRWLYDWHG E\ WKH
REVHUYDWLRQWKDW0HVR]RLFVKHOOHGLQYHUWHEUDWHV EHFDPHLQFUHDVLQJO\LQIDXQDORYHUWLPH
)LQDOO\,WHVWDORQJKHOG K\SRWKHVLV WKDWWKHLQWHUQDOZDOOV VHSWD RIVKHOOHGFHSKDORSRGV




$ FXUVRU\ YLHZ RI WKH IRVVLO UHFRUGPLJKW OHDG RQH WR EHOLHYH WKDW LW LV VWDWLF
ZKLOHLQIDFWWKHIRVVLO UHFRUG SUHVHUYHV WKHG\QDPLFLQWHUDFWLRQVRIDQFLHQWHFRV\VWHPV
)RVVLOV KROG WKH VWRULHV RI PLOOLRQV RI \HDUV RI FKDQJLQJ HFRV\VWHPV WKDW HYROYHG LQ
FRQMXQFWLRQ ZLWK QXPHURXV ELRWLF DQG DELRWLF SHUWXUEDWLRQV 6WXGLHV RI PRGHUQ
HFRV\VWHPV KDYH GHPRQVWUDWLQJ WKH GUDPDWLF FDVFDGLQJ HIIHFWV D FKDQJLQJ SUHGDWRU\
UHJLPHFDQKDYHRQDVKRUWWLPHVFDOH(VWHV HWDO3DFHHWDO5HLVHZLW]HW
DO  %DXP DQG :RUP  KRZHYHU WKHLU SUHGLFWLYH SRZHU LV WHPSRUDOO\
UHVWULFWHG8VLQJIRVVLOVH[SDQGVRXUVFLHQWLILFSURJQRVWLF SRZHUE\RUGHUVRIPDJQLWXGH
$V WKHVL[WKPDVVH[WLQFWLRQ DFFHOHUDWHVDQGFOLPDWHFKDQJHEHFRPHV LQFUHDVLQJO\GLUH
KDYLQJDUHOHYDQWSRLQWRIFRPSDULVRQWRSURMHFW ORQJWHUPVKLIWVLQHFRV\VWHPVWUXFWXUHV
LV FULWLFDO 7KH SDOHRHFRORJ\ RI WKH 0HVR]RLF SURYLGHV DQ RSWLPDO FDVH VWXG\ IRU WKH
LQIOXHQFH RI LQFUHDVLQJO\ ZDUP FOLPDWHV DQG FKDQJLQJ SUHGDWRU\ UHJLPHV RQ PDULQH
HFRV\VWHPVWKDWPD\LQIRUPORQJWHUP FRQVHUYDWLRQDOHIIRUWV $GGLWLRQDOO\WKHVWXG\RI




)LJXUH 0ROOXVNVKHOOFRLOLQJPRGHOPRGLILHG IURP5DXS $
*DVWURSRGPRGHOVKHOOH[WHULRUOHIW6KHOOVKDSHVKRZLQJLQWHULRUULJKW
% %LYDOYH PRGHO & $PPRQRLG PRGHO ,Q HDFK SDQHO \HOORZ OLQH
PDUNVFRLOLQJD[LVODUJHGRWWHGOLQHGHQRWHVJHQHUDWLQJFXUYH$OVRVKRZQ












HYROYLQJ ZLWK LQFUHGLEOH VWUHQJWK VSDQQLQJ PDQ\ OHQJWK VFDOHV $V D UHVXOW DQDO\]LQJ
PROOXVN VKHOO VWUHQJWK KROGV SURPLVH IRU XQGHUVWDQGLQJ IXQGDPHQWDO V\VWHPV LQ
PDFURHYROXWLRQ SUHGDWRUSUH\ G\QDPLFV DQG DQWKURSRJHQLF LPSDFWV RQ DTXDWLF
HFRV\VWHPV0RUHRYHUWKHH[FHSWLRQDOVWUHQJWKRIWKHVHVKHOOVLVRIJUHDWLQWHUHVWLQWKH
GHVLJQ RI FUDFNUHVLVWDQW ELRLQVSLUHGPDWHULDOVZKLFK DUH UHPDUNDEO\ VWURQJ DQG FUDFN
UHVLVWDQW6WXGLHVRIPROOXVN VKHOO VWUHQJWK KDYHEHHQFRQGXFWHGDFURVV ILHOGV LQFOXGLQJ
SDOHRQWRORJ\ HFRORJ\FRQVHUYDWLRQELRORJ\DQGHQJLQHHULQJXVLQJDUDQJHRIWHFKQLTXHV
,Q WKLV UHYLHZ , ZLOO GLVFXVV WKH XVH RI H[SHULPHQWDO FRPSUHVVLRQ WHVWV WR XQGHUVWDQG
ZKDWVKHOOVWUHQJWKFDQWHOOXVDERXWDQFLHQWPRGHUQDQGIXWXUHHFRV\VWHPV7KLV UHYLHZ
ZLOO FRYHU WKH EDVLF PHFKDQLFDO SULQFLSOHV RI H[SHULPHQWDO GHVLJQ DQG GDWD FROOHFWLRQ
ϭϵ
ZLWKDFRPSUHVVLRQDSSDUDWXVDQGZLOOSURYLGHDFRPSUHKHQVLYHUHYLHZRIWKHILQGLQJVRI
SUHYLRXV VWXGLHV ZKLFK KDYH HPSOR\HG WKHVH WHFKQLTXHV )XUWKHU , ZLOO GLVFXVV IXWXUH
GLUHFWLRQVIRU WKLVH[SHULPHQWDOWHFKQLTXH3UHYLRXV VWXGLHVKDYHGHPRQVWUDWHGWKDWVKHOOV
DUH XVHIXO ELRPRQLWRUV IRU HQYLURQPHQWDO DQG HFRORJLFDO FKDQJH DV WKHZRUOG¶V RFHDQV
HQFRXQWHU ULVLQJ DQWKURSRJHQLFDOO\LQGXFHG VHOHFWLYH SUHVVXUHV 5HFHQW DGYDQFHV LQ




7KH FDOFDUHRXV VKHOOV RI JDVWURSRGV ELYDOYHV FHSKDORSRGV DQG EUDFKLRSRGV
SURWHFW WKHP IURP D ZLGH DUUD\ RI SUHGDWRUV ZKLFK DWWDFN VKHOOV XVLQJ YDULRXV
PHFKDQLVPV VXFK DV GULOOLQJ -RKQVRQ HW DO  $QGHUVRQ HW DO  DQG VKHOO
FUXVKLQJ 9HUPHLM D 9HUPHLM  'HZLWW HW DO  5XQGOH DQG %U|QPDUN
 6WDIIRUG  'XURSKDJRXV VKHOOFUXVKLQJ SUHGDWRUV XVH KDUG SDUWV OLNH
FUXVKLQJ WRRWK SODWHV RU VKDUS FODZV WR SHHO EUHDN RU LPSDFW VKHOOV 5R\ 
.ORPSPDNHUHWDO7KHVHSUHGDWRUVDUH EHOLHYHGWRKDYHEHHQD GRPLQDQWGULYLQJ
IRUFH LQ WKH HYROXWLRQ RI PROOXVN VKHOO VKDSH DQG PLFURVWUXFWXUH 9HUPHLM 
.ORPSPDNHU HW DO  7KXV PDQ\ VWXGLHV RI VKHOO VWUHQJWK DUH FRQFHUQHG ZLWK
XQGHUVWDQGLQJ ZKLFK IHDWXUHV RI VKHOOV HJ WKLFNQHVV RUQDPHQWDWLRQ VL]H DUH PRVW
SURWHFWLYH DJDLQVW GXURSKDJRXV SUHGDWRUV+RZHYHU DPDMRU FKDOOHQJH RI VWXG\LQJ WKH
DGDSWLYH YDOXH RI VKHOO VWUXFWXUHV LQ WKH IRVVLO UHFRUG LV WKDW GXURSKDJ\ LV LQKHUHQWO\
ϮϬ
GHVWUXFWLYH 7KXV VXFFHVVIXO DWWHPSWV DW VKHOOFUXVKLQJ RIWHQ OHDYH OLWWOH LGHQWLILDEOH
HYLGHQFH LQ WKH IRVVLO UHFRUG :KLOH VWRPDFK FRQWHQWV DQG FRSUROLWHV FRQWDLQLQJ VKHOO
IUDJPHQWV SURYLGH VRPH HYLGHQFH OLQNLQJ SUHGDWRUV DQG WKHLU SUH\ HJ .HDU 
0DUWLQ 	 )R[  VKHOO IUDJPHQWV DUH RWKHUZLVH GLIILFXOW WR DVFULEH WR D VSHFLILF
SUHGDWRU .ORPSPDNHUHWDO0RUHRYHUVKHOOEUHDNDJHFDQEH FDXVHGE\ DJHQWV











FDXVHGE\ SUHGDWRUVEHFDXVHKLJKO\VXFFHVVIXOSUHGDWRUVPD\ OHDYH IHZYLFWLPVDEOH WR
XQGHUJRUHSDLUV 9HUPHLME/HLJKWRQ$QDGGLWLRQDOVKRUWFRPLQJRIUHSDLU
VFDUV LV WKH GLIILFXOW\ RI VWDQGDUGL]DWLRQ GXH WR WKH IUHTXHQF\ RI SUH DQG SRVWPRUWHP
VKHOO EUHDNDJH 'LHWO 	 .RVORVNL  %URNHQ RU GLVDUWLFXODWHG VSHFLPHQV UHTXLUH
DGGLWLRQDO PHWULFV WRHVWLPDWH WKHQXPEHURI LQGLYLGXDOV LQ WKHVDPSOHHJ -RKQVRQHW
DO7KHGLIILFXOWLHVRI JDWKHULQJPHDQLQJIXOLQIRUPDWLRQDERXWLQIOXHQFHRIVKHOO
Ϯϭ
FUXVKLQJSUHGDWRUV IURP WKH IRVVLO UHFRUG LWVHOIKDVPDGH H[SHULPHQWVRI DOO W\SHV YLWDO
WRROV IRUXQGHUVWDQGLQJSUHGDWRUGULYHQHYROXWLRQLQGHHSWLPH ([SHULPHQWDODSSURDFKHV
WR WKLV SUREOHPKDYH UDQJHG IURP ILQLWH HOHPHQWPHWKRGV VHH/HPDQLV DQG =ORWQLNRY
 IRUUHYLHZWR OLYHIHHGLQJH[SHULPHQWVHJ 3DOPHU5D\DQG6WRQHU 
:KLWHQDFN DQG+HUEHUW  3pUH]0LJXHO HW DO +HUH , UHYLHZ H[SHULPHQWDO
FRPSUHVVLRQ WHVWV D PHWKRG ZKLFK KDV EHHQ HPSOR\HG LQ PDQ\ GLIIHUHQW PDQQHUV WR
VWXG\DZLGHUDQJHRISUHGDWRUSUH\LQWHUDFWLRQVWKURXJKVWXGLHVRIVKHOOVWUHQJWK
([SHULPHQWDOFRPSUHVVLRQWHVWV IUHTXHQWO\ DUHXVHGWR LVRODWHDQGDQDO\]H VSHFLILF
FKDUDFWHULVWLFV RI VKHOO PRUSKRORJ\ HJ VL]H RU VKDSH WR EHWWHU XQGHUVWDQG WKHLU
GHIHQVLYHYDOXHKRZWKH\FRQWULEXWHWRVKHOOVWUHQJWKLQUHVLVWLQJFUXVKLQJSUHGDWLRQDQG
KRZ HQYLURQPHQWDO FRQGLWLRQV LQIOXHQFH VKHOO VWUHQJWK DQG YXOQHUDELOLW\ WR SUHGDWLRQ
8VLQJ H[SHULPHQWVZH FDQ DSSUR[LPDWH KRZ WKHVHPRUSKRORJLFDO IHDWXUHV PLJKW KDYH
LQIOXHQFHG WKHHYROXWLRQRIVKHOOVLQWKHSDVWDQGPDNHSURMHFWLRQVIRUWKH IXWXUHRIWKHLU
HYROXWLRQ XQGHU LGHDOL]HG RU WKHRUHWLFDO FRQGLWLRQV 7KH DELOLW\ WR FUHDWH WKHRUHWLFDO
FRQGLWLRQV LV FUXFLDO IRU VWXG\LQJ WKHVH V\VWHPV EHFDXVH ERWK SUHGDWRU DQG SUH\
PRUSKRORJLHVDUHH[WUHPHO\FRPSOH[,QWKHSDVWGXURSKDJHVKDYHLQFOXGHGSUHGDWRUVRI
DOO VL]HV ERWK YHUWHEUDWHV DQG LQYHUWHEUDWHV SODFRGRQW UHSWLOHV YRQ +XHQH 
LFKWK\RVDXUV9HUPHLMPRVDVDXUV/DWH&UHWDFHRXV.DXIIPDQ	.HVOLQJ
SW\FKRGRQWRLG VKDUNV 5RPHU   +HWHURGRQWLGDH VKDUNV %DWRLGHD UD\V
9HUPHLM D DQG QHRSWHU\JLDQV OLNH 3\FQRGRQWLIRUPHV 6HPLRQRWLIRUPHV
0DFURVHPLLIRUPHV DQG 3KROLGRSKRULIRUPHV 7LQWRUL HW DO  6WRPDWRSRGD
FUXVWDFHDQV3DOLQXULGDHVSLQ\OREVWHUVDQG1HSKURSLGDHOREVWHUV%UDFK\XUDFUDEV
ϮϮ
9HUPHLM D ,W LV LPSRUWDQW WR QRWH WKDW ZKLOH WKHVH WD[D DOO KDG GXURSKDJRXV
PHPEHUV WKHVH SUHGDWRUV XVHG GLIIHUHQW PRUSKRORJLHV WR EUHDN VKHOOV )RU H[DPSOH
GXURSKDJRXVWHHWKPD\ EHGRPHGIODWRUZRUQWRFRQFDYLW\UHVXOWLQJLQGLIIHUHQWW\SHV
RI IRUFH FRQFHQWUDWLRQ DPRQJ YHUWHEUDWH SUHGDWRUV ZKLOH DUWKURSRGV FRQFHQWUDWH IRUFHV
FRPSOHWHO\GLIIHUHQWO\ZKLOHSHHOLQJ VKHOOV&URIWVDQG6XPPHUV
$QRWKHUFULWLFDOFRQVLGHUDWLRQLVWKDWVKHOOPRUSKRORJ\LVDOVRKLJKO\FRPSOH[DW
PDQ\ OHQJWK VFDOHV 6DULND\D	$NVD\ 0D\HU $V VXFK H[SHULPHQWV RI
VKHOOVWUHQJWKPXVWLVRODWHVSHFLILFIHDWXUHVRILQWHUHVW)RUH[DPSOHPROOXVNVKHOOV KDYH




=ORWQLNRY SURYLGH DQ LQVLJKWIXO UHYLHZRI ILQLWH HOHPHQWPHWKRGV LQZKLFK WKH\
RXWOLQH GLIIHUHQFHV EHWZHHQ DSSURDFKHV WR XQGHUVWDQGLQJ VKHOO VWUHQJWK RQ GLIIHUHQW
OHQJWKVFDOHVLQGLIIHUHQWILHOGV+RZHYHUPLFURVWUXFWXUDO SURSHUWLHV RIVKHOOVWUHQJWK GR
QRW GLUHFWO\ H[WUDSRODWH WR WKH EHKDYLRU RI HQWLUH VKHOOV LQ FRPSUHVVLRQ E\ D SUHGDWRU
%XUQHWW DQG %HON  7KXV LQ WKLV UHYLHZ , IRFXV RQ FRPSUHVVLRQ H[SHULPHQWV
ZKLFKVHHN WR VWXG\ WKHPDFURVWUXFWXUHRI VKHOOV LQFRPSUHVVLRQ IRUHYROXWLRQDU\ VWXG\
UDWKHU WKDQVPDOOHUVFDOHVWXGLHV WRXQGHUVWDQG WKHPDWHULDOSURSHUWLHV RIPROOXVNVKHOOV
YLDPHWKRGVVXFKDVQDQRLQGHQWDWLRQ7KH OLWHUDWXUHRQVKHOOPLFURVWUXFWXUHLVYDVWDQG,





&RPSUHVVLRQ H[SHULPHQWV FDQ EH FRQGXFWHG LQ PDQ\ PDQQHUV VHH 7DEOH 
KRZHYHUPRVWDSSDUDWXVHVJHQHUDOO\KDYHDQLPPRELOHDUHDWRVHFXUHWKHVKHOOVRWKDWLW







DWDFRQVWDQWGLVSODFHPHQW UDWHLH D FRQVWDQWVWUDLQUDWH$VWKHORDGLQJREMHFW SXVKHV
GRZQRQWKHVKHOOWKHPDFKLQHUHDGVWKHHTXDOIRUFHZLWKZKLFKWKHVKHOOSXVKHVEDFN RQ
WKH ORDGLQJ REMHFW 6LQFH VKHOOV H[KLELW ODUJHO\ EULWWOH EHKDYLRU UHVXOWV W\SLFDOO\ VKRZ
VRPH LQLWLDO PLQRU SODVWLF EHKDYLRU IROORZHG E\ ODUJHO\ OLQHDU HODVWLF EHKDYLRU DQG
SRWHQWLDOO\ DQRWKHUVPDOOSRUWLRQRISODVWLFEHKDYLRUEHIRUHSHDNORDGPD[LPXPORDGD
VKHOO FDQ VXVWDLQ LV UHDFKHG DQG WKH VKHOO IUDFWXUHV$W IUDFWXUH WKH VKHOO FRPHVRXW RI
FRQWDFWZLWKWKHORDGLQJREMHFW FDXVLQJDUDSLGGURSLQORDGEHLQJUHFRUGHG)LJ&
7KURXJKRXW WKH ORDGLQJ SURFHVV PLFURFUDFNV PD\ EH REVHUYHG DV VPDOO GLSV LQ WKH
Ϯϰ
ORDGLQJFXUYH7KHZRUN WR IUDFWXUHSHUIRUPHGFDQEHFDOFXODWHGDV WKHDUHDEHORZWKLV
FXUYH.ROPDQQHW DO%XUQHWWDQG%HON
$QRWKHULPSRUWDQWFRQVLGHUDWLRQLQFRPSUHVVLRQWHVWVLVWKH UDWHDWZKLFKWKHVKHOO




WHVWHG E\ GURSSLQJZHLJKWV RQ VKHOOV VHH7D\ORU  LQ7DSKRQRP\EHORZ%XUQHWW
DQG %HON  WHVWHG D UDQJH RI GLVSODFHPHQW UDWHV GXULQJ ORDGLQJ     DQG
PPPLQ DQG IRXQG WKDW WKH IRUFH QHHGHG WR EUHDN D0\WLOXV FDOLIRUQLDQXV GLG QRW
FKDQJH VLJQLILFDQWO\ EHWZHHQ GLVSODFHPHQW UDWHV RI  WR  PPPLQ KRZHYHU DW
PPPLQEUHDNDJHUHTXLUHGPRUHIRUFH $GGLWLRQDOO\WKHDXWKRUVVXJJHVWHGWKDW
WKH WLPHGHSHQGHQW VWUHQJWK RI WKH YDOYHV GHPRQVWUDWHG WKDW WKH\ZHUHZHOO VXLWHG IRU
FRPPRQORZPDJQLWXGHIUDFWXUHVEXWWKDWODUJHUUDUHUORDGVFRXOGDOVREHVXUYLYHGLIWKH
ORDG ZDV DSSOLHG ZLWK JUHDWHU VSHHG %XUQHWW DQG %HON  %XUQHWW DQG %HON DOVR
VWXGLHG WKH HIIHFWV RI UHSHDWHG ORDGLQJ G\QDPLF F\FOHG RQ WKH HPSW\ 0\WLOXV
FDOLIRUQLDQXV EHFDXVHPDQ\ SUHGDWRUV H[KLELW WKLV EHKDYLRU (OQHU %RXOGLQJ DQG
/D%DUEHUD'DYHQSRUWHWDO,QWKHLUF\FOLFORDGLQJH[SHULPHQWV WKH\IRXQG
WKDWZKHQFRPSUHVVLRQUDWHZDVKHOGFRQVWDQWDKLJKHUIRUFHIURPWKHVLPXODWHGSUHGDWRU
OHG WR OHVV WLPHDQG ZRUN IRU WKHSUHGDWRU WREUHDN WKH VKHOO %XUQHWW DQG%HON 
:KHQ IRUFH ZDV KHOG FRQVWDQW DQG FRPSUHVVLRQ VSHHG YDULHG WKH\ IRXQG WKDW VORZ
FRPSUHVVLRQOHGWROHVVWLPHWRIUDFWXUHODUJHVKHOOVEXWPRUHWLPHWREUHDNVPDOOVKHOOV
Ϯϱ
%XUQHWW DQG %HON  /D%DUEHUD DQG 0HU]  WHVWHG UHSHDWHG ORDGLQJ RQ






&RPSUHVVLRQ WHVWV KDYH EHHQFRQGXFWHGRQD VKHOOPDWHULDOV LQ DZLGH UDQJHRI
WDSKRQRPLF VWDWHV LQFOXGLQJ OLYH PROOXVNV /D%DUEHUD 	 0HU]  IRVVLOV
$OH[DQGHU  GULHG VKHOOV %URGHUVHQ 	 0DGVHQ  -RUGDHQV HW DO 
KHUPLWFUDELQKDELWHGVKHOOV/D%DUEHUD	0HU]DQGDOFRKROVRDNHGWLVVXHOLQHG
VKHOOV $OH[DQGHU  7DEOH   7KH SUHVHUYDWLRQDO VWDWH RI VKHOOV KDV EHHQ
GHPRQVWUDWHGWRLQIOXHQFHVKHOOVWUHQJWKLQQXPHURXVVWXGLHV/D%DUEHUDDQG0HU]
=XVFKLQDQG6WDQWRQ7D\ORU:XHWDO)RUH[DPSOHXVLQJSRLQWORDG
H[SHULPHQWV =XVFKLQ DQG 6WDQWRQ  WHVWHG $QDGDUD RYDOLV EHDFKFROOHFWHG
0HUFHQDULD PHUFHQDULD IUHVK DQG 0\WLOXV HGXOLV IUHVK DQG IRXQG WKDW ERWK WKH
SUHVHQFH RI GULOO KROHV DQG GHJUDGDWLRQ RI WKH RUJDQLF PDWUL[ UHGXFHG WKH VWUHQJWK RI
EHDFKFROOHFWHGVKHOOV=XVFKLQ 	6WDQWRQ /D%DUEHUD DQG0HU]VLPLODUO\
VKRZHGWKDWWKHVKHOOVRIOLYHVQDLOVZHUHVWURQJHUWKDQWKRVH LQKDELWHGE\KHUPLWFUDEV
VKRZLQJ ERWK VKHOO VWUHQJWKHQLQJ LQ OLYH VQDLOV DQG WKH GHJUDGDWLRQ RI KHUPLW FUDE
LQKDELWHG VKHOOV7D\ORU  FRQGXFWHG LPSDFW WHVWV E\ GURSSLQJZHLJKWV RQ LQ VLWX
Ϯϲ
UHORFDWHG HPSWLHGGULHG VKHOOV DQG EHDFKFROOHFWHG 3DWHOOD YXOJDWH WR VWXG\ YDULDWLRQ
EDVHGRQORFDWLRQSUHVHUYDWLRQDOVWDWH7D\ORUIRXQGWKDWWKH LPSDFWVWUHQJWKLH HQHUJ\
WR IDLOXUHZDV WLPHVKLJKHU IRU LQ VLWX VKHOOV WKDQ EHDFKFROOHFWHGVKHOOV+RZHYHU
7D\ORUIRXQGQRGLIIHUHQFHLQLPSDFWVWUHQJWKIRUUHORFDWHGRUHPSW\GULHGVKHOOV7D\ORU
DOVR QRWHV WKDW VDQG DEUDVLRQ UHPRYLQJPDWHULDO IURP WKH VKHOO DSH[ZHDNHQHG VKHOOV
VLJQLILFDQWO\ 7KH UHVXOWV RI DOO RI WKHVH VWXGLHV LQGLFDWH WKDW WDSKRQRP\ LV D FUXFLDO
FRQVLGHUDWLRQ WR DQ\ VWXG\RI VKHOO FUXVKLQJEUHDNDJHRU UHSDLU LQ WKH IRVVLO UHFRUG DV
YDULRXV ELDVHV FDQ DULVH RWKHUZLVH$GGLWLRQDOO\ H[SHULPHQWDO WHVWV WR XQGHUVWDQG KRZ
VKHOOVPLJKWUHVLVWFRPSUHVVLRQLQOLIHPXVWFDUHIXOO\HYDOXDWHWKHVWDWHRIWKHVKHOOVEHLQJ
WHVWHG 7KLV LV WR VD\ WKDW ZKLOH UHODWLYH FRPSDULVRQV RI VKHOOV LQ VLPLODU VWDWHV RI
SUHVHUYDWLRQ FDQ EH LQIRUPDWLYH VKHOOV LQ GLIIHUHQW VWDWHV RI GHJUDGDWLRQ VKRXOG QRW EH
FRPSDUHG WRHDFKRWKHU LQ WKLV ZD\7KXV LQYHVWLJDWRUVVWXG\LQJVKHOOVWUHQJWK WKURXJK
FRPSUHVVLRQPXVWEHFDUHIXOWRFRQWUROIRUWDSKRQRPLF VWDWHLQRUGHUWRPDNHPHDQLQJIXO




6KDSH LV D FULWLFDO WRRO IRU XQGHUVWDQGLQJ WKH HYROXWLRQ RI RUJDQLVPV DQG
HFRV\VWHPV 7KH VWXG\ RI IXQFWLRQDO PRUSKRORJ\ RI VKHOOV DOORZV LQYHVWLJDWRUV WR
LQWHUSUHW OLIH PRGH DQG UHOHYDQW SUHGDWLRQ SUHVVXUHV 7KXV PDQ\ LQYHVWLJDWRUV KDYH
VRXJKW WR XQGHUVWDQGZKLFK VKHOO VKDSHV DUHPRVW UHVLVWDQW WR FUXVKLQJ SUHGDWLRQ DQG
ZKLFK DVSHFWV RI VKHOO PRUSKRORJ\ DUH PRVW GHIHQVLYH DJDLQVW VSHFLILF SUHGDWRUV )RU
Ϯϳ
H[DPSOH $OH[DQGHU  SHUIRUPHG FRPSUHVVLRQ WHVWV RQ H[WDQW EUDFKLRSRGV WR
XQGHUVWDQGKRZYDULRXV DVSHFWVRI VKHOO VKDSHHIIHFWHG VKHOO VWUHQJWK$OH[DQGHU IRXQG
WKDW WKH IRUFH QHHGHG WR EUHDN D VKHOO FRUUHODWHGZLWK YDOYH WKLFNQHVV+RZHYHUZKHQ
QRUPDOL]HGIRU WKLFNQHVVDPRQJGULHGVSHFLPHQV WKHIUDFWXUHIRUFHZDVFRUUHODWHGZLWK
WKHELFRQYH[LW\KHLJKWOHQJWKRIWKHVKHOOV $OH[DQGHU )RUFHZDVQRWFRUUHODWHG
ZLWK VL]H OHQJWK WKRXJK VKHOOV EHDULQJ ULEV FRVWDWH ZHUH WKH VWURQJHVW $OH[DQGHU
 $OH[DQGHUDUJXHGWKDWWKHVHUHVXOWVVXSSRUWHGDQDQWLSUHGDWRU\DGDSWDWLRQZKLFK
PLJKW EH DVVRFLDWHG ZLWK HVFDODWLRQ 6LPLODUO\ 'H:LWW HW DO  VWXGLHG WKH
IUHVKZDWHU JDVWURSRG 3K\VD WR XQGHUVWDQG ZKHWKHU GLIIHUHQW VKHOO VKDSHV ZHUH
FRQIRXQGLQJ WR GLIIHUHQW VKHOOFUXVKLQJ SUHGDWRUV 7KHLU FRPSUHVVLRQ H[SHULPHQWV
VKRZHG WKDW URWXQG VKHOOV ZHUH PRUH FUXVKUHVLVWDQW WKDQ HORQJDWH VKHOOV DQG D VHW RI
SURELQJ PHDVXUHPHQWV VKRZHG WKDW HORQJDWH VKHOOV ZHUH PRUH HQWU\UHVLVWDQW 7KHVH
UHVXOWVLQGLFDWHWKDWWKHUHDUHQHFHVVDU\WUDGHRIIVLQVKHOOVKDSHEHWZHHQSURWHFWLQJIURP
WKHVH WZR JURXSV RI SUHGDWRUV EHFDXVH FUD\ILVK 2UFRQHFWHV REVFXUXV DWWDFN SUH\
WKURXJK WKH VKHOO HQWU\ZKLOH ILVK /HSRPLV JLEERVXV&\SULQXV FDUSLR DQG&DUUDVLXV
DXUDWXVFUXVKWKHLUSUH\ZKROH'H:LWWHWDO 6WHLQ HWDO FUXVKHG3K\VD
LQDGGLWLRQWRWZRRWKHUJHQHUDRIIUHVKZDWHUVQDLOVWKDWDUHFRPPRQLQ1RUWK$PHULFD
+HOLVRPD DQG2[\WUHPD 7KH DXWKRUV IRXQG WKDW UHVLVWDQFH WR FUXVKLQJ LQFUHDVHGZLWK








0RUHRYHU ZKLOH URWXQG FRQYH[ VKDSHV ZHUH YHU\ VWURQJ LQ WKH VWXGLHV RI $OH[DQGHU
 DQG 'H:LWW HW DO  6WHLQ HW DO  IRXQG 3K\VD WR EH ZHDN GHVSLWH
KDYLQJ D ³ODUJH LQIODWHG ERG\ ZKRUO´ 7KHVH GLIIHUHQFH KLJKOLJKW WKH GLIILFXOWLHV RI
LVRODWLQJWKHLQIOXHQFHRIVKDSHZKHQFRQIRXQGLQJIDFWRUVVXFKDVVL]HDQGWKLFNQHVVDUH






RI WKH SUHVHQFH RI SUHGDWRUV RQ WKH VKHOOV RI WKHLU SUH\ 2Q D ODUJH JHRJUDSKLF VFDOH
9HUPHLM DQG &XUUH\  IRXQG WKDW WURSLFDO 7KDLGLGDH >7KDLV  1XFHOOD ODSLOOXV@
OLYLQJLQDQHQYLURQPHQWZKHUHVKHOOEUHDNLQJZDV PRUHLQWHQVHZHUHVWURQJHUWKDQWKHLU
WHPSHUDWHFRXQWHUSDUWV 9HUPHLM9HUPHLM	&XUUH\ 7XFNHUHWDO 
VWXGLHG WKHGLHWDU\ SUHIHUHQFHVRI 0DODFOHP\V WHUUDSLQ WRXQGHUVWDQGZK\ WKH\ GLGQRW
HDW ,O\DQDVVD REVROHWD GHVSLWH FRQVXPLQJ RWKHU JDVWURSRGV RI VLPLODU VL]HV 8VLQJ
H[SHULPHQWDO FRPSUHVVLRQ WHVWV WKH\ GHWHUPLQHG WKDW ,O\DQDVVD VKHOOV KDG D KLJKHU
SURFHVVLQJ FRVW WKDQ WKHLU SUHIHUUHG SUH\ OLNH /LWWRULQD LUURUDWH 7XFNHU HW DO 
/HZLV DQG0DJQXVRQ  FRQGXFWHG FRPSUHVVLRQ H[SHULPHQWV RQ$PQLFROD OLPRVD
DQG 3K\VD VNLQQHUL DQG +HOLVRPD DQFHSV WR VWXG\ YDULDWLRQ LQ VKHOO VWUHQJWK RI
Ϯϵ
LQGLYLGXDOV IURP ODNHV ZLWK GLIIHUHQW ZDWHU FKHPLVWU\ DQG SUHGDWRU DEXQGDQFHV 7KH\
IRXQG WKDW $ OLPRVD VKHOOV ZHUH VWURQJHU LQ ODNHV ZKHUH WKHUH ZHUH PRUH FUD\ILVK
SUHGDWRUV /HZLV DQG 0DJQXVRQ  ,Q D VHFRQG H[SHULPHQW ODERUDWRU\ UDLVHG $
OLPRVD ZHUH VKRZQ WR KDYH ZHDNHU VKHOOV LQ WKH SUHVHQFH RI FUD\ILVK DWWULEXWHG WR
UHGXFHG IHHGLQJ LQ UHVSRQVH WR SUHGDWRU SUHVHQFH /HZLV DQG 0DJQXVRQ 
/DNRZLW] HW DO  H[DPLQHG WKH HIIHFWV RI FKHPLFDO FXHV IURP 7LQFD WLQFD
$FWLQRSWHU\JLL &\SULQLGDH WHQFK DQG 3DFLIDVWDFXV OHQLXVFXOXV FUD\ILVK RQ VKHOO
VKDSH FUXVKLQJ UHVLVWDQFH DQG WKLFNQHVV RQ WKH SKHQRW\SLFDOO\ SODVWLF IUHVKZDWHU VQDLO
5DGL[ EDOWKLFD 7HQFK FKHPLFDO FXHV DORQH LQGXFHG URXQGHU DQG WKLFNHU VKHOOV ZLWK D
KLJKHUUHVLVWDQFHWRFRPSUHVVLRQ+RZHYHUFUD\ILVKFXHVKDGQRHIIHFW/DNRZLW]HWDO
 &RPELQLQJ FXHV IURP ERWK SUHGDWRUV SURGXFHG DQ LQWHUPHGLDWH SKHQRW\SLF
UHVSRQVH/DNRZLW]HWDO7KH\ DOVRIRXQGWKDWVKDSHZDVPRUHLPSRUWDQWWRWKH
DELOLW\WRUHVLVWFUXVKLQJWKDQVKHOO WKLFNQHVV /DNRZLW]HWDO /LNHZLVH5XQGOH
DQG%U|QPDUNDQDO\]HGIUHVKZDWHUSXOPRQDWHVQDLOV ZLWKGLIIHUHQWVKHOOVWUHQJWKV
/\PQDHD SHUHJUD/\PQDHD VWDJQDOLV3ODQRUELV SODQRUELV$QLVXV YRUWH[ DQG3K\VD
IRQWLQDOLV H[SRVHG WR FKHPLFDO FXHV IURP ILVKHV 7KH\ IRXQG LQWUDVSHFLILF GLIIHUHQFHV
UHODWHGWRVL]HGXHWRDQRQWRJHQHWLFLQFUHDVHLQVKHOOVWUHQJWKDQGGHFUHDVHLQDYRLGDQFH
EHKDYLRU 5XQGOH DQG %U|QPDUN   %\ SHUIRUPLQJ FRPSUHVVLRQ H[SHULPHQWV RQ
VKHOOV IURP QDWXUDO DQG ODERUDWRU\ HQYLURQPHQWV WKHVH DXWKRUV KDYH VKRZQ WKDW VKHOO








XVLQJ D IDEULFDWHG&DULQRGHQV EHOJLFXV PRVDVDXU MDZ D IRUFH JDXJH DQG IUHVK SUH\
LWHPV 6FKXOS7KH³0HFKDQLFDO0RVDVDXU-DZ´ZDV XVHGWREUHDNYDULRXVSUH\
LWHPV WR LQIHU ELWH IRUFHV 6FKXOS  6FKXOS XVHG WKHVH PHWULFV WR VXJJHVW WKDW
&DULQRGHQV ZDV OLNHO\ GXURSKDJRXV DQG FRXOG KDYH FUXVKHG VPDOO DUWKURSRGV DQG
PROOXVNV LQ DGGLWLRQ WR RWKHU IRRGV .ROPDQQ HW DO  H[SHULPHQWDOO\ WHVWHG WKH
HIIHFWRIMDZFXUYDWXUHRQFUXVKLQJLQ0\OLREDWLGDHDIDPLO\RIGXURSKDJRXVVWLQJUD\V
E\ FRPSUHVVLQJ OLYH PROOXVNV ' SULQWHG UHSOLFDV RI GRJZLQNOH 1XFHOOD ODSLOOXV
VKHOOV DQG FHUDPLF WXEHV  7KH SULQWHG VKHOOVZHUH PDGH RI SODVWHU DQG WUHDWHGZLWK D
VROXWLRQRIPDJQHVLXPFKORULGHDQGZDWHU DVZHOODV EHLQJ KHDWHGLQDYDFXXPKHDWHUIRU




WHVWHG WKHHIIHFWLYHQHVVRIYDULRXV WKHRUHWLFDOGXURSKDJRXVGHQWLWLRQV 7KH\ IRXQG WKDW
WKLFNHUVKHOO UHSOLFDV 1XFHOODRVWULQDZHUHPRUHGLIILFXOWWREUHDNWKDQWKLQQHUVKHOOV1
ODPHOORVD &URIWV DQG6XPPHUV  7KH LQFUHDVHG RUQDPHQWDWLRQ RI1 ODPHOORVD
GLGQRWPDNHDVLJQLILFDQWGLIIHUHQFHWRWKHIRUFHQHHGHGWRLQGXFHEUHDNDJH &URIWVDQG
6XPPHUV 7KHLU UHVXOWVVKRZHGWKDW WDOO WKLQWRRWKFXVSV SHUIRUPHGWKHEHVWIRU
ϯϭ
VKHOOEUHDNLQJ &URIWVDQG6XPPHUV +RZHYHUWKLVLGHDOWRRWKPRUSKRORJ\GRHV
QRW RFFXU LQ QDWXUH OLNHO\ LQGLFDWLQJ WUDGHRIIV EHWZHHQ VWUXFWXUDO VWDELOLW\ DQG
IXQFWLRQDOLW\ &URIWV 	 6XPPHUV  7KH DERYH VWXGLHV KDYH GHPRQVWUDWHG WKH
XVHIXOQHVV RIFRPSUHVVLRQ WHVWV WRXQGHUVWDQGQRWRQO\KRZSUH\ HYROYH LQ UHVSRQVH WR
SUHGDWRUVEXWDOVRKRZGLIIHUHQWPRUSKRORJLHVPD\EHVSHFLDOL]HGWRKDQGOHKDUGVKHOOHG
SUH\ 7KHVH W\SHV RI H[SHULPHQWDWLRQ DUH FULWLFDO WRROV IRU HYDOXDWLQJ WKH IXQFWLRQDO
PRUSKRORJ\RIERWKPRGHUQDQGH[WLQFWRUJDQLVPV)XUWKHUPRUHWKHZRUNV RI.ROPDQQ
HWDODQG&URIWVDQG6XPPHUVGHPRQVWUDWHWKHHIILFDF\RI'SULQWLQJDVD
XVHIXO SUR[\ IRU UDSLGO\ SURWRW\SLQJ DQG LVRODWLQJ PRUSKRORJLFDO YDULDEOHV XVLQJ
PDWHULDOV ZKLFK IDLO LQ D EULWWOH PDQQHU PXFK OLNH UHDO VKHOOV 7KH DELOLW\ WR LVRODWH
VSHFLILF DVSHFWV RI PRUSKRORJ\ LQ WKLV ZD\ LV FULWLFDO WR FRPSUHVVLRQ VWXGLHV EHFDXVH





ELRPRQLWRUV 'XTXHWWH HW DO   &RPSUHVVLRQ WHVWV KDYH GHPRQVWUDWHG WKDW VKHOO
VWUHQJWK FKDQJHV ZLWK HQYLURQPHQWDO IDFWRUV VXFK DV ZDYH HQHUJ\ LRQ FRQFHQWUDWLRQV
DQG SODQW SUHVHQFH $VK  %URGHUVHQ 	 0DGVHQ  &KDYHV&DPSRV HW DO
$VKIRXQGWKDW1XFHOOD ODSLOOXV VKHOOVIURPVLWHVZLWKWKHOHDVWPRYHPHQW
RI URFNV DQG ERXOGHUV ZHUH WKH HDVLHVW WR EUHDN DQG WKDW/LWWRULQD OLWWRUHD VKHOOVZHUH
HDVLHUWREUHDNLQDUHDVZLWKOHVVZDYHDFWLRQ-RUGDHQVHWDOVWXGLHGUHODWLRQVKLSV
ϯϮ
EHWZHHQ VKHOO VWUHQJWKPRUSKRORJ\ DQG KHDY\PHWDOV &G &U 3E DQG =Q XVLQJ WKH
ODQGVQDLO&HSDHDQHPRUDOLV ZKLFK DUHSUH\HGRQE\ELUGV DQGPLFHZKLFKEUHDNVKHOOV
E\FUDFNLQJWKHPRQKDUGVXUIDFHV WKUXVKDQYLOVRUFUXVKLQJWKHPZLWKWKHLUWHHWKPLFH
*UDYHODQG HW DO  7KH\ IRXQG VLJQLILFDQW YDULDWLRQ LQ VKHOO VWUHQJWK EHWZHHQ
GLIIHUHQW ORFDOLWLHV EXW KHDY\ PHWDO SROOXWLRQ KDG OLPLWHG HIIHFWV RQ VKHOO VWUHQJWK
-RUGDHQVHWDO7KH DXWKRUV DOVR IRXQGWKDWODUJHUVKHOOVZHUHKDUGHUWREUHDNDQG
ZHUHWKLFNHUDQGKHDYLHUEXW GLGQRWKDYHKLJKHUFDOFLXPFRQFHQWUDWLRQV -RUGDHQVHWDO
%URGHUVHQ DQG0DGVHQ  H[DPLQHG WKH HIIHFW RI FDOFLXP FRQFHQWUDWLRQ RQ
FUXVKLQJ UHVLVWDQFH LQ IUHVKZDWHU ODEEUHG %LRPSKDODULD VXGDQLFD  &RQWUDULO\ WKH\
IRXQG WKDW FUXVK ZHLJKW LQFUHDVHG ZLWK ORJ WUDQVIRUPHG FDOFLXP FRQFHQWUDWLRQ DQG
LQRUJDQLFZHLJKW %URGHUVHQ	0DGVHQ &KDYHV&DPSRV HW DO  DQDO\]HG




RUJDQLF FRPSRXQGV ZKLFK ZHUH QRW V\QWKHVL]HG E\ VQDLOV ZRXOG EH REWDLQHG E\ GLHW
&KDYHV&DPSRVHWDO7KHUHIRUH WKHRUJDQLFPDWWHUIURPWKHORFDOZDWHUOLOLHV
RIIHU LPSRUWDQW RUJDQLF FRPSRXQGV IRU VKHOO ELRPLQHUDOL]DWLRQ ZKLFK ZRXOG LPSDFW
FUXVKLQJ UHVLVWDQFH &KDYHV&DPSRV HW DO  :KHQ FRPSDUHG ZLWK D YDULHW\ RI
RWKHUHQYLURQPHQWDOIDFWRUVWKHDXWKRUVIRXQGWKHDEXQGDQFHRIZDWHUOLOLHVWREHWKH EHVW
H[SODQDWLRQIRUYDULDWLRQ LQFUXVKLQJUHVLVWDQFHEHWZHHQGLIIHUHQWVLWHV&KDYHV&DPSRV
HW DO 7KHLU UHVXOWV LQGLFDWHG WKDW SURGXFHUVPLJKWSOD\DQ LPSRUWDQW UROH LQ WKH
FRHYROXWLRQEHWZHHQVQDLOVDQG WKHLUFUXVKLQJSUHGDWRUV&KDYHV&DPSRVHWDO
ϯϯ
6KHOO VWUHQJWK KDV DOVR EHHQ VWXGLHG LQ UHODWLRQ WR FOLPDWH FKDQJH DQG UHVXOWLQJ
RFHDQDFLGLILFDWLRQ &ROHPDQHWDO'XTXHWWHHWDO &ROHPDQHWDO
VWXGLHGKRZFOLPDWHFKDQJHPLJKWDOWHUSUHGDWRUSUH\LQWHUDFWLRQVEHWZHHQVKHOOFUXVKLQJ
SUHGDWRUV DQG LQWHUWLGDO JDVWURSRGV $XVWURFRFKOHD SRUDFDWD DQG 6XEQLQHOOD XQGXODWD
7KH\IRXQGWKDW$SRUDFDWDKDGDORZHUVKHOOUHSDLUUDWHDQGGHFUHDVHGVKHOOVWUHQJWKLQ
VLPXODWHGFRQGLWLRQV RIRFHDQDFLGLILFDWLRQDQGEHFDPHZHDNHU &ROHPDQHWDO,Q
FRQWUDVW 6 XQGXODWD ZHUH XQDIIHFWHG OHDGLQJ WKH DXWKRUV WR EHOLHYH WKDW RFHDQ
DFLGLILFDWLRQ PLJKW FDXVH VRPH JURXSV WR EHFRPH PRUH VXVFHSWLEOH WR SUHGDWLRQ DQG
FRPSHWLWLRQ &ROHPDQHWDO'XTXHWWHHWDOVWXGLHG0HGLWHUUDQHDQPDULQH
JDVWURSRGV QHDU DYROFDQLF&2VHHSWRXQGHUVWDQGKRZRFHDQDFLGLILFDWLRQPLJKWLPSDFW
VKHOO ELRPLQHUDOL]DWLRQ 7KH\ IRXQG WKDW ORZ S+ FRQGLWLRQV OHDG WR YDULHG
FDOFLWHDUDJRQLWH UDWLRVDQG GHFUHDVHV LQ LQQHUVKHOO WRXJKQHVVRUHODVWLFLW\ 'XTXHWWHHW
DO7KH\VXJJHVWWKDWVKHOOVVHUYHDVJRRGELRPRQLWRUVDQGWKDWELRPLQHUDOL]DWLRQ
PD\EHDOWHUHGLQWKHQHDUIXWXUHGXHWRRFHDQDFLGLILFDWLRQ 'XTXHWWHHWDO%RWK
VWXGLHV LQGLFDWH WKH SRWHQWLDO IRU FDVFDGLQJ HIIHFWV RQ WKHVH SUHGDWRUSUH\ G\QDPLFV





DELRWLF WKUHDWV 7KHLU H[FHSWLRQDO VWUHQJWK LV RZLQJ WR PDQ\ GLIIHUHQW PRUSKRORJLFDO
ϯϰ
FKDUDFWHULVWLFVDQGLVLQIOXHQFHGE\ERWKSUHGDWRUVDQGWKHVXUURXQGLQJHQYLURQPHQW$V
VKHOO VWUHQJWK LV D KLJKO\ FRPSOH[ SKHQRPHQRQ RFFXUULQJ DW PDQ\ GLIIHUHQW VFDOHV
LVRODWLQJ WKH LQIOXHQFH RI DQ\ RQH IDFWRU RQ VKHOO VWUHQJWK LV FKDOOHQJLQJ 2QHZD\ WR
VWXG\ VKHOO PDFURVWUXFWXUH DQG LWV UHODWLRQVKLS WR FRPSUHVVLRQ UHVLVWDQFH LV XVLQJ
FRPSUHVVLRQ H[SHULPHQWV +HUH ZH KDYH VHHQ WKDW FRPSUHVVLRQ H[SHULPHQWV FDQ EH
XVHIXO DFURVV D ZLGH UDQJH RI DSSOLFDWLRQV WR VWXG\ WKH HYROXWLRQ RI WD[D DQG WKHLU
HFRV\VWHPV LQ WKH SDVW DQG SUHVHQW $V ZH EDWWOH LQFUHDVLQJ WHPSHUDWXUHV DQG RFHDQ
DFLGLILFDWLRQ VKHOO VWUHQJWK LV DOVR D FULWLFDO PHWULF WR XVH VKHOOV DV ELRPDUNHUV
)XUWKHUPRUH ZH KDYH VHHQ WKDW VKHOO VWUHQJWK LV LQIOXHQFHG E\ WDSKRQRP\ VKDSH
WKLFNQHVVVL]HSUHGDWRUVDQGPDQ\HQYLURQPHQWDOIDFWRUV7KXVZKLOHVKHOO VWUHQJWKFDQ
EHDYHU\LQIRUPDWLYHPHDVXUHLWLVLPSRUWDQWWRFRQWURODVPDQ\FRQIRXQGLQJYDULDEOHV





LQ UHDO VKHOOV 'SULQWLQJ KDV SURYHQ WR EH D XVHIXO WRRO E\ZKLFK WR LVRODWH YDULDEOHV
LQGHSHQGHQWRISRWHQWLDOO\FRQIRXQGLQJIDFWRUV VL]HWKLFNQHVVWDSKRQRP\OLIHKLVWRU\
HWF&UHDWLQJVKHOOPRGHOVZLWK EULWWOHPDWHULDOVWKDWEHKDYHDQGIDLOLQFRPSUHVVLRQOLNH
UHDO VKHOOV SURYLGHV D IXQGDPHQWDO WKHRUHWLFDO EDVLV IRU WKLQJV WKDWZRXOG RWKHUZLVH EH
XQWHVWDEOH IXUWKHU H[SDQGLQJ WKH SRVVLELOLWLHV IRU LQQRYDWLYH VWXGLHV RI VKHOO VWUHQJWK
XVLQJ FRPSUHVVLRQH[SHULPHQWV
ϯϱ
7DEOH  /LVW RI VWXGLHV ZKLFK KDYH XVHG VKHOO FRPSUHVVLRQ H[SHULPHQWV
LQGLFDWLQJ WKH W\SHV RI VKHOOV VWXGLHG WKHLU WDSKRQRPLF FRQGLWLRQ DQG WKH
FRPSUHVVLRQDSSDUDWXVXVHG
ϯϲ
)LJXUH  6FKHPDWLF UHSUHVHQWDWLRQV RI D JHQHUDOL]HG FRPSUHVVLRQ
H[SHULPHQW$&RPSUHVVLRQDSSDUDWXVXVLQJDIODWSODWH%&RPSUHVVLRQ
DSSDUDWXV DSSO\LQJ D SRLQW ORDG & 6FKHPDWLF RI D /RDG YHUVXV
'LVSODFHPHQW FXUYH H[KLELWLQJ EULWWOH EHKDYLRU DV D VKHOO PLJKW










VKHOOFUXVKLQJ SUHGDWRUV KRZHYHU WKH LQIOXHQFH RI VKHOO VKDSH RQ SUHGDWLRQUHVLVWDQFH
KDV QHYHU EHHQ H[SOLFLWO\ LVRODWHG H[SHULPHQWDOO\:H HPSLULFDOO\ WHVWHG WKH ORQJKHOG
K\SRWKHVLV WKDWWKHLQIOXHQFHRIYHUWHEUDWHVKHOOFUXVKLQJSUHGDWRUVGXULQJWKH 0HVR]RLF
a0\DFRQWULEXWHGWRWKHDSSDUHQWGHFUHDVHLQ³ZHDN´VKHOOVKDSHVDQGLQFUHDVHG
SURPLQHQFH RI ³VWURQJ´ VKHOO JHRPHWULHV WKURXJK PDFURHYROXWLRQDU\ DUPV UDFHV 3DVW
VWXGLHVRIWKLVK\SRWKHVL]HGUHODWLRQVKLS KDYHEHHQOLPLWHGE\ELDVLQWKHIRVVLOUHFRUGDQG
FRQIRXQGLQJ H[SHULPHQWDO YDULDEOHV LQFOXGLQJ VKHOO WKLFNQHVV OLIHKLVWRU\ DQGPDWHULDO
SURSHUWLHV:HXVHG'SULQWLQJWRJHQHUDWHPDWKHPDWLFDOO\LGHDOL]HGUHSUHVHQWDWLRQVRI
GLVWLQFW VKHOOPRUSKRORJLHV SUHVHQWGXULQJ WKH0HVR]RLFDQGH[DPLQHG WKH LQIOXHQFHRI
VKDSHRQVKHOOVWUHQJWKXQGHUFRPSUHVVLRQE\DVLPXODWHGSUHGDWRU6RPHVKDSHVZKLFK
ZHUHSUHGLFWHGWREH³ZHDN´ SURYHGWREHDVSURWHFWLYHDVWKHLU³VWURQJ´FRXQWHUSDUWVLQ
YDULRXV RULHQWDWLRQV 7KHVH UHVXOWV VXJJHVW DOWHUQDWLYH K\SRWKHVHV IRU WKH HYROXWLRQ RI
ϯϴ




KDYH EHHQ HVWDEOLVKHG GXULQJ DQ LQWHUYDO NQRZQ DV WKH 0HVR]RLF 0DULQH 5HYROXWLRQ
005FD0D9HUPHLM D +DUSHU 7KURXJKRXWWKLVWLPHSRZHUIXO
VKHOOFUXVKLQJSUHGDWRUVGXURSKDJHVURVHWRGRPLQDQFHLQFOXGLQJERWKYHUWHEUDWHVHJ
ILVKHV DQG PDULQH UHSWLOHV 9HUPHLM D .DXIIPDQ DQG .HVOLQJ  9HUPHLM
 7LQWRUL  DQG LQYHUWHEUDWHV HJ DUWKURSRGV DQGPROOXVNV 9HUPHLM D
7DFNHWW DQG %RWWMHU  &RLQFLGHQW ZLWK WKH ULVH RI WKHVH SUHGDWRUV ZDV D PDMRU
LQFUHDVH LQ WKH WD[RQRPLF GLYHUVLW\ RI VKHOO\ EHQWKLF LQYHUWHEUDWHV DQG D VKLIW WRZDUGV
VKHOO VKDSHV FRPPRQO\ UHSUHVHQWHG E\ PRGHUQ WD[D DQG LQWHUSUHWHG DV UHVLVWDQW WR
GXURSKDJRXVSUHGDWRUV9HUPHLM D 7KHFRQYHUJHQFHRIVKHOOVKDSHRQIRUPV
WKDW DSSHDU WR EH UREXVW KDV EHHQ XVHG DV HYLGHQFH RI SUHGDWRUGULYHQ VHOHFWLRQ IRU
GHIHQVLYHVKHOOVKDSHV9HUPHLM  =XVFKLQHWDO 9|U|V DQGUHIHUHQFHV
WKHUHLQ$VDUHVXOW0HVR]RLFWUHQGVLQVKDSHDUHXVHGDVHYLGHQFHIRUWKHH[LVWHQFHRI
µWRSGRZQ¶ SUHGDWRUGULYHQ HYROXWLRQ HVFDODWLRQ DW D JOREDO VFDOH 9HUPHLM D





DW OHDVW VRPH RIZKLFK FRPSUHVVHG VKHOOV EHWZHHQ WZR KDUG VWUXFWXUHV =XVFKLQ HW DO
 :KLOH WKHVH SUHGDWRUV DOVR H[LVWHG LQ WKH 3DOHR]RLF WKH 0HVR]RLF PDUNHG WKH
DSSHDUDQFHRI FUXVKLQJGHQWLWLRQV DPRQJPXOWLSOHQHZ WHOHRVW DQG WHWUDSRGJURXSVDQG
WKHGLYHUVLILFDWLRQRIPXOWLSOHGHFDSRGFUXVWDFHDQOLQHDJHV)ULHGPDQDQG6DOODQ
9HUWHEUDWH GXURSKDJHV ZKLFK XVHG FUXVKLQJ WRRWK RU SODWH PRUSKRORJLHV WKDW ZHUH
GRPHGPRODULIRUP RU IODW &URIWV DQG 6XPPHUV 0RGHUQ VKHOOFUXVKLQJ ILVKHV
DOVRVSHFLILFDOO\RIWHQKDYHVSHFLDOL]HGWHHWKDQGPRGLILHGSKDU\QJHDOMDZVWKDWDOORZIRU
EXFFDOPDQLSXODWLRQLQSUH\SURFHVVLQJ:DLQZULJKW 0H\HU 7XULQJDQ DQG
:DLQZULJKW  7KHVH ILVKHV RIWHQ UHSHDW F\FOHV RI PDQLSXODWLRQ WR EUHDN VKHOOV
EHIRUHVZDOORZLQJVRIW WLVVXHDQGHMHFWLQJVKHOO IUDJPHQWV3DOPHU  0H\HU
7XULQJDQ DQG :DLQZULJKW &XWZD DQG 7XULQJDQ&RQYHUVHO\DUWKURSRGV XVH
FODZV WR ORFDOL]H IRUFHV DQG DSSO\ SRLQW ORDGV RQ VKHOOV UDWKHU WKDQ DSSO\LQJ EURDG
FUXVKLQJ IRUFHV DFURVV VKHOO VXUIDFHV OLNH YHUWHEUDWH SUHGDWRUV XVLQJ WHFKQLTXHV OLNH
SRXQGLQJ DQGSHHOLQJ LQ DGGLWLRQ WR FUXVKLQJ 9HUPHLM  =XVFKLQ HW DO  DQG
UHIHUHQFHVWKHUHLQ6SHFLILFDOO\FUDEVDUHNQRZQWRSURGXFHVRPH RIWKHODUJHVWFUXVKLQJ
IRUFHVRIDQ\LQYHUWHEUDWHV9HUPHLM D .RVORVNLDQG $OOPRQ




5DXS  DQG SODQLVSLUDO 7 WUDQVODWLRQ >PRYHPHQW GRZQ WKH FRLOLQJ D[LV@   
ϰϬ
IRUPV 9HUPHLM   D  )LJ E F G ,Q WKH SDVW QXPHURXV
FRPSUHVVLRQ H[SHULPHQWV KDYH EHHQ SHUIRUPHG RQ VKHOOV WR XQGHUVWDQG YDULRXV
SDUDPHWHUVRI VWUHQJWK$VK$OH[DQGHU /D%DUEHUDDQG0HU]/HZLV
DQG0DJQXVRQ  'H:LWW HW DO  =XVFKLQ DQG 6WDQWRQ  -RUGDHQV HW DO
/DNRZLW] HWDO &KDYHV&DPSRV HWDOKRZHYHU WKHVHVWXGLHVKDYH
XVHGDFWXDOPRGHUQRU IRVVLO VKHOOV LQWURGXFLQJ FRQIRXQGLQJ IDFWRUV OLNHGLIIHUHQFHV LQ
PLFURVWUXFWXUH WDSKRQRP\ TXDOLW\ RI IRVVLOL]DWLRQ WKLFNQHVV DQG OLIH KLVWRULHVZKLFK
PD\ DIIHFW VKHOO VWUHQJWK 7KH UHVXOWLQJ GLIILFXOW\ RI LVRODWLQJ DQ\ RQH YDULDEOH
VSHFLILFDOO\VKDSHKDVEHHQEURXJKWWRWKHIRUHIURQWE\SUHYLRXVDXWKRUVHJ 7D\ORU DQG
/D\PDQ  &XUUH\
:H VRXJKW WR LVRODWH VKHOO VKDSH WR WHVW WKH UHODWLYH VWUHQJWKV RI K\SRWKHVL]HG
ZHDN DQG VWURQJ JHRPHWULHV XQGHU FRPSUHVVLRQ E\ WKH FUXVKLQJ WRRWK SODWHV RU RWKHU
SDYHPHQWGHQWLWLRQHTXLYDOHQWVRIYHUWHEUDWHV6LQFHSUH\DUHOLNHO\WRHQFRXQWHUPDQ\
SUHGDWRUVDQGVHOHFWLYHIRUFHV6LKHWDOZHFKRVHWRUHSOLFDWHWKHFUXVKLQJIRUFHV
RI D YHUWHEUDWH SUHGDWRU IROORZLQJ WKH K\SRWKHVLV WKDW SUH\ DUHPRVW OLNHO\ WR DGDSW WR
WKHLUPRVWGDQJHURXVSUHGDWRU5HO\HD6LQFHGXURSKDJRXVILVKHVDUHDVVXPHGWR













VWURQJHU LQ FRPSUHVVLRQ WKDQ RWKHUV  ,W ZDV LQIRUPHG E\ WKH REVHUYDWLRQ WKDW WKH
DEXQGDQFH RI FHUWDLQ VKHOO VKDSHV GHFUHDVHG ZLWK WKH GRPLQDQFH RI VKHOOFUXVKLQJ
SUHGDWRUV LQ WKH 0HVR]RLF  ,QLWLDOO\ LW ZDV K\SRWKHVL]HG WKDW WXUELQDWH VKHOOV ZRXOG
VXVWDLQKLJKHUSHDNORDGVWKDQXPELOLFDWHRSHQFRLOLQJDQGSODQLVSULDOVKHOOV8SRQWKH
LQLWLDWLRQRIGDWDDQDO\VLV WKHK\SRWKHVLVZDVWKDW WXUELQDWHVKHOOVDUHQRWXQHTXLYRFDOO\
VWURQJHU WKDQ DOO WKHVH VKDSHV DQG WKDW WKHUHPD\EH RWKHU SURSHUWLHV WKDW LQWHUDFWZLWK
VKDSHZKLFK FRQWULEXWH WR VKHOO VWUHQJWK 7KH VKHOOV XVHG LQ WKLV VWXG\ZHUH JHQHUDWHG
PDWKHPDWLFDOO\XVLQJWKHIROORZLQJHTXDWLRQVZKLFKZHUHPRGLILHGIURP3KLOOLSV
[  HYK  FRVXāFRVY




WXUELQDWHK  N  RSHQFRLOLQJK  N XPELOLFDWHK  N  




ZDV VFDOHG WR EH PP DQG VKHOO WKLFNQHVV ZDV PP  7KLV ZDV GRQH WR PDLQWDLQ D
FRQVWDQWJDSHVL]H IRU WKH WKHRUHWLFDO MDZHGSUHGDWRUE\PDLQWDLQLQJ WKH LQLWLDOGLVWDQFH
EHWZHHQ WKHSODWHVRI WKH ,QVWURQGXULQJH[SHULPHQWV 7KH VKHOOVZHUHJHQHUDWHGXVLQJ
%OHQGHU9DDQGWKHQUHSDLUHGDVZDWHUWLJKWPHVKHVXVLQJ0HVKPL[HU9
:HWHVWHG VKHOOVSULQWHGLQPXOWLSOH PDWHULDOVWRFKRRVHDILQDODYDLODEOHSULQWLQJ
PDWHULDO WKDW PRVW DSSUR[LPDWHG WKH EULWWOH EHKDYLRU RI VKHOOV XQGHU FRPSUHVVLRQ
*\SVXP SRZGHU ZDV FKRVHQ EHFDXVH LW LV D FODVVLF H[DPSOH RI D EULWWOH PDWHULDO DQG
EHKDYHV OLNH D UHDO VKHOO XSRQ FRPSUHVVLRQ 7KLV EHKDYLRU KDV EHHQ YHULILHG LQ VHYHUDO
RWKHUVWXGLHVRIFRPSUHVVLRQRI'SULQWHGDQGUHDOPROOXVNVKHOOV&URIWVDQG6XPPHUV
.ROPDQQHWDO :XHWDO %XUQHWWDQG%HON:HDOVRWHVWHGGU\
JDVWURSRG VKHOOV XVLQJ WKH VDPH HTXLSPHQW XVHG IRU RXU H[SHULPHQWV WR YHULI\ EULWWOH
EHKDYLRU VHH )LJ  2WKHUPDWHULDOV OLNH$%6SODVWLF DQG UHVLQ GHIRUP VLJQLILFDQWO\
EHIRUHFUDFNLQJ VKRZLQJSODVWLF EHKDYLRU 7KHJ\SVXPSRZGHUZDVSULQWHGZLWK&RORUMHW
' SULQWLQJ &-3ZKHUHLQ D ELQGHUZDV VSUD\HG RQ VXFFHVVLYH WKLQ OD\HUV RI SRZGHU
7KH SULQWZDVIXUWKHUVWUHQJWKHQHGWKURXJKDQLPSUHJQDWLRQSURFHVVZLWKDORZYLVFRVLW\
&\DQRDFU\ODWH PRUH FRPPRQO\ UHIHUUHG WR DV VXSHUJOXH 3DUW RULHQWDWLRQ VOLFLQJ DQG
LPSUHJQDWLRQ ZHUH GRQH E\ %OXHGJH DQ H[WHUQDO FRPSDQ\  6KHOOV ZHUH ODEHOHG IRU
LGHQWLILFDWLRQ DQG ZHLJKHG 7KH ZHLJKWV ZHUH UHFRUGHG EHIRUH H[SHULPHQWV EHJDQ










WKHVDPHRULHQWDWLRQ HJN1RWKHUVZHUH N1 DQG N1$OWKRXJKPRUHWHVWV




7XUELQDWH RSHQ FRLOHG DQG XPELOLFDWH VKHOOV ZHUH SODFHG LQ DQ ,QVWURQZLWK D
N1ORDGFHOOLQHLWKHUDQDSHUWXUHXSQ  IRUHDFKIRUPRUDSHUWXUHGRZQQ IRU
HDFKIRUPRULHQWDWLRQ 7KH,QVWURQZDVUXQDWDGLVSODFHPHQWVSHHGRIPPPLQ/RDG
DQG GLVSODFHPHQW ZHUH UHFRUGHG E\ D FRPSXWHU  $IWHU VKHOOV ZHUH ORDGHG DQ DXGLEOH
FUDFN ZDV KHDUG DQG D GURS LQ ORDG ZDV REVHUYHG RQ WKH FRPSXWHU 7KH ,QVWURQ ZDV
VWRSSHGZKHQ WKHVKHOO ORVWFRQWDFWZLWK WKH ,QVWURQSODWHVRUZDV MXGJHG WREH OHWKDOO\
GDPDJHG EURNHQ DW D GLVWDQFH IURP WKH DSHUWXUH WKDW ZRXOG KDYH OHIW DQ RUJDQLVP











WKHGDWDPRUHYLVXDOO\FOHDU LQ WKH ILJXUHV WKHFXUYHVZHUH WUDQVIRUPHG WREHJLQZKHUH
ORDG ZDV DW OHDVW N1 DQG WR HQG  SRLQWV DIWHU SHDN ORDG ZDV DWWDLQHG :H
FRQVWUXFWHG D OLQHDU PRGHO WR LQYHVWLJDWH FRUUHODWLRQV EHWZHHQZHLJKW RI WKH SULQW DQG
SHDN ORDGV :H FRQGXFWHG D 6KDSLUR:LONV WHVW IRU QRUPDOLW\ RQ HDFK VKDSH LQ WKH
DSHUWXUHXSDQGGRZQRULHQWDWLRQDQGDJDLQRQWKHHQWLUHDSHUWXUHXSDQGGRZQGDWDVHWV
7KH SHDN ORDGV REWDLQHG IRU HDFK VKDSHZHUH FRPSDUHG XVLQJ RQHZD\$129$V DQG
.UXVNDO:DOOLVWHVWVZKHQHDFKVKDSHZDVLQWKHDSHUWXUH XSDQGDSHUWXUHGRZQSRVLWLRQ
)RU WKH WXUELQDWH VKDSHV D 7WHVWV ZDV XVHG DQGZLWK WKH2SHQ FRLOHG DQG 8PELOLFDWH
VKDSHV0DQQ8:KLWQH\ WHVWVZHUHXVHG WR FRPSDUH HDFK VKHOO LQ LWV WZRRULHQWDWLRQV
7KH DOSKD YDOXH IRU DOO WHVWV ZHUH  $129$ 7 WHVW 7XNH\ 7HVW DQG OLQHDU
UHJUHVVLRQVZHUHFRQGXFWHGXVLQJEDVHIXQFWLRQVLQ5FUDQYHUVLRQ3RVWKRF'XQQ




:H XVHG PRGLILHG JHQHUDWLQJ HTXDWLRQV VHH 3KLOOLSV  WR PDWKHPDWLFDOO\
PRGHO DQG ' SULQW VKHOO PRUSKRW\SHV WKDW DSSUR[LPDWH WKH IRXU PDMRU FRQYHUJHQW
JDVWURSRG VKDSHV REVHUYHG WR H[KLELW FKDQJH LQ IUHTXHQF\ GXULQJ WKH005 9HUPHLM
D  WXUELQDWH LH '    VHQVX 5DXS  RSHQFRLOLQJ XPELOLFDWH DQG
SODQLVSLUDO)LJ 7KHVKHOOVZHUHSULQWHGZLWKKLJKSHUIRUPDQFHFRPSRVLWHSRZGHUD
PDWHULDOWKDWZHIRXQGWRH[KLELWEULWWOHEHKDYLRUXQGHUFRPSUHVVLRQVLPLODUWRWKDWXVHG
E\&URIWVDQG6XPPHUV DQG .ROPDQQHWDO :H UHFRJQL]HWKDW'SULQWHUV
FDQQRW UHSOLFDWHYDULRXVPLFURVWUXFWXUHVRI UHDO VKHOOV *\SVXPSRZGHU'SULQWVZHUH
XVHG EHFDXVH WKH\ IDLO LQ D EULWWOH IDVKLRQ PXFK OLNH QDWXUDO VKHOOV VHH )LJ  LQ
FRPSUHVVLRQ WKHPDMRULW\ RI WKH ORDG YHUVXV GLVSODFHPHQW FXUYH GHPRQVWUDWHV OLQHDUO\
HODVWLFEHKDYLRU XQWLOFORVHWRIDLOXUHZKHQFDWDVWURSKLFIUDFWXUHJURZWKOHDGVWREUHDNDJH
VHH 0DWHULDOV DQG 0HWKRGV $GGLWLRQDOO\ FUDFNV LQ RXU ' SULQWV ZHUH REVHUYHG
WKURXJK OD\HUV DV LQ UHDO VKHOOV UDWKHU WKDQ DORQJ ' SULQWHG OD\HUV²GHPRQVWUDWLQJ WKDW
RYHUDOO IUDFWXUH EHKDYLRU ZDV QRW GRPLQDWHG E\ OD\HULQJ IURP WKH SULQWLQJ SURFHVV 8VLQJ
EULWWOHSULQWVDVDILUVWRUGHUDSSUR[LPDWLRQIRUWKHIDLOXUHRIDVKHOODOORZHGXVWRWHVWWKH
LQIOXHQFH RI VKDSH H[FOXVLYHO\ DV SURSRVHG E\ 9HUPHLM D LQGHSHQGHQW RI RWKHU
FRQIRXQGLQJ IDFWRUV ZKLFKDUHXQFRQWUROODEOH LQ ELRORJLFDO VKHOOV 3DOPHU  :H
XVHG'SULQWLQJWRPDLQWDLQFRQVWDQWWKLFNQHVVPPDQGDFRQVLVWHQWPLQLPDOD[LV
PP WR NHHS WKH VDPHJDSH VL]H IRU WKH JHQHULF GXURSKDJRXV SUHGDWRU %RWK VL]H DQG
WKLFNQHVV KDYH EHHQ VKRZQ WR SOD\ D VLJQLILFDQW UROH LQ VKHOO VWUHQJWK /D%DUEHUD DQG
0HU]  =XVFKLQ DQG 6WDQWRQ  &XUUH\  WKXV NHHSLQJ WKHVH YDULDEOHV
ϰϲ
FRQVWDQW ZDV FULWLFDO WR WKH H[SHULPHQW ,Q WKH SDVW WKH VKDSHV RI WKH SODWHV XVHG LQ
FRPSUHVVLRQ WHVWV WR UHSOLFDWH MDZ VKDSHV KDYH EHHQ VKRZQ WR KDYH OLWWOH LPSDFW RQ
FUXVKLQJDELOLW\.ROPDQQHWDO WKHUHIRUHIODWFUXVKLQJSODWHVZHUHVHOHFWHG IRU
WKLVH[SHULPHQWWRPLPLFWHHWKVSHFLDOL]HGIRUVKHOOFUXVKLQJ
$OO VDPSOHV ZHUH FUXVKHG LQ DQ ,QVWURQ WHVWLQJ PDFKLQH XVLQJ D FRPSUHVVLRQ
UHJLPH 7XUELQDWH XPELOLFDWH DQG RSHQFRLOLQJ VKHOOV )LJ $% &ZHUH WHVWHG LQ
ERWKWKHDSHUWXUHXS1 DQGDSHUWXUHGRZQSRVLWLRQ1 7KHVHVKHOOV\LHOGHG








7KHUH ZDV D VLJQLILFDQW GLIIHUHQFH LQ VKHOO VWUHQJWK EHWZHHQ WXUELQDWH RSHQ
FRLOLQJ DQG XPELOLFDWH VKHOOV EDVHG RQ VKDSH DSHUWXUHXS SRVLWLRQ .UXVNDO :DOOLV
3U!:   H DSHUWXUHGRZQ$129$3U!) H )LJ  2SHQFRLOLQJ
VKHOOVZHUHZHDNHU WKDQ WXUELQDWH VKHOOV LQ WKH DSHUWXUHXS RULHQWDWLRQ 'XQQ SRVWKRF
WHVW S   H DQG VWURQJHU WKDQ WXUELQDWH VKHOOV LQ WKH DSHUWXUHGRZQ RULHQWDWLRQ
7XNH\+6'S H 8PELOLFDWHVKHOOVZHUHZHDNHUWKDQWXUELQDWHVKHOOVLQWKH
ϰϳ
DSHUWXUHGRZQ RULHQWDWLRQ 7XNH\+6' S   H EXW WKHUHZDV DQ LQVLJQLILFDQW
GLIIHUHQFHEHWZHHQWKHPLQWKHDSHUWXUHXSRULHQWDWLRQ'XQQSRVWKRFWHVW S 
7XUELQDWH DQG RSHQFRLOLQJ VKHOOV ZHUH ERWK VWURQJHU LQ WKH DSHUWXUHGRZQ RULHQWDWLRQ




2XU UHVXOWV LQGLFDWH WKDW DOO HOVH EHLQJ HTXDO GLIIHUHQW VKHOO VKDSHV GR KDYH








HWDO <RPRJLGDDQG:DQL .HUUDQG.HOOH\VXJJHVWLQJ WKDWVHSWDO
ZDOOVLQWKHVHFHSKDORSRGVZHUHSRWHQWLDOO\FUXFLDOWRFUDFNPLWLJDWLRQ6LQFHJDVWURSRGV






UHODWHG WR WKHLU VKDSHZHVXJJHVW WKDWXPELOLFDWHDQGRSHQFRLOLQJVKHOO IUHTXHQFLHVDUH
XQOLNHO\ WR KDYH EHHQ GULYHQ SULPDULO\ E\ YHUWHEUDWH SUHGDWLRQ SUHVVXUH :H SURSRVH
VHYHUDODOWHUQDWLYHK\SRWKHVHVIRUZKDWPLJKWEHUHVSRQVLEOHIRUWKLVGHFOLQHDVGHVFULEHG
E\9HUPHLM   )LUVW VKHOO VKDSH DQG VKHOO VWUHQJWK LQ OLIHPD\KDYHPXOWLIDFHWHG
UHODWLRQVKLSV SRWHQWLDOO\ UHODWHG WR FKDQJLQJ WKLFNQHVV GXULQJ RQWRJHQ\ RU WR
PLFURVWUXFWXUH  6HFRQG VKHOO RULHQWDWLRQ KDV DQ LPSRUWDQW LQIOXHQFH RQ UHVLVWDQFH WR
FUXVKLQJ)LVKHVDUHNQRZQWRXVHEXFFDOPRWLRQVWRSRVLWLRQDQGUHSRVLWLRQSUH\ZKLOH
ELWLQJUHSHDWHGO\+RZHYHUSUHYLRXVVWXGLHV KDYHPHDVXUHGVKHOOVWUHQJWKDVDVLQJXODU
DPRXQWRISHDNORDGVXVWDLQHGE\DVKHOO LQRQHRULHQWDWLRQ$VK  -RUGDHQVHWDO
 &URIWVDQG6XPPHUV:HVXJJHVWWKDWDJUHDWHUDGDSWLYHDGYDQWDJHPD\EH





VKHOOV LQ WKH DSHUWXUHGRZQ RULHQWDWLRQ EXW KDG VLPLODU VWUHQJWKV LQ WKH DSHUWXUHXS
SRVLWLRQ  6LQFH SUHGDWRUV PD\ PDQLSXODWH WKHLU SUH\ VWUHQJWK LQ WKH DSHUWXUHGRZQ
SRVLWLRQ LV XQOLNHO\ WR \LHOG D ODUJH DGDSWLYH DGYDQWDJH IRU WKHVH JDVWURSRGV 3DOPHU
 6WHLQ HW DO  6LPLODUO\ DGLIIHUHQFH LQ VKHOO VWUHQJWKEDVHGRQRULHQWDWLRQ
ϰϵ
PD\ KDYH SODFHG D VHOHFWLYH SUHVVXUH RQ SUHGDWRUV WR GHYHORS EHWWHU PHDQV RI SUH\




DPRUH LPSRUWDQW GULYHU RI VKHOO VKDSH HYROXWLRQ WKDQ YHUWHEUDWH SUHGDWRUV IRU VSHFLILF
JURXSV RI JDVWURSRG SUH\ VXFK DV WKRVHZLWK XPELOLFDWH DQG RSHQFRLOLQJ VKHOOV  ,W LV
SRVVLEOH WKDW JDVWURSRGV ZLWK WKHVH VKDSHV ZHUH PRUH VXVFHSWLEOH WR SUHGDWLRQ E\
LQYHUWHEUDWHV EHFDXVH RI WKHLU JHRJUDSKLF ORFDWLRQ DUHDVZLWK KLJKHU FRQFHQWUDWLRQV RI




FRQFHQWUDWHG SRLQWORDGHG YHU\ VSHFLILFDOO\ GHSHQGLQJ RQ WKH VKDSH RI WKH FODZ
9HUPHLME .RVORVNL DQG $OOPRQ&UDEVDOVRXVHUHSHDWHG ORDGLQJWRLQGXFH




3DOPHU  'H:LWW HW DO  =XVFKLQ HW DO   )RU H[DPSOH LW KDV EHHQ
SURSRVHG WKDW RUQDPHQWDWLRQ QDUURZ DSHUWXUHV WKLFNHQHG YDULFHV DSHUWXUDO WHHWK DQG
KLJKVSLUHVDUHPRUHGHIHQVLYHDJDLQVWFUDESHHOLQJVHHVXPPDU\=XVFKLQHWDO
ϱϬ




YDULDELOLW\ RI VKHOO WKLFNQHVV WKURXJKRXW RQWRJHQ\ ZRXOG EH LQIRUPDWLYH DQG PRUH
UHIOHFWLYH RI ELRORJ\  ,W ZRXOG DOVR EH LQIRUPDWLYH WR WHVW WKHVH VKDSHV XVLQJ RWKHU
PDWHULDOV DVQHZEULWWOHSULQWLQJPDWHULDOVEHFRPHPRUHZLGHO\DYDLODEOH$GGLWLRQDOO\LW
ZRXOG EH KHOSIXO WR EHWWHU XQGHUVWDQG WKH LQIOXHQFH RI VKDSH ZKHQ VKHOOV DUH FUXVKHG
XVLQJKLJKHUVSHHGVRUUHSHDWHG ORDGLQJSDWWHUQV WRVWXG\IDWLJXHIDLOXUH DV LQGXFHGE\




SURYLGH LQVLJKWV WR WKH DGDSWLYH YDOXH RI VSHFLILF VKHOO VKDSHV DV VKHOO VKDSH LV WLJKWO\
OLQNHGWROLIHPRGH
'LVFXVVLRQV RI WKH 005 DQG RWKHU PDULQH UHYROXWLRQV W\SLFDOO\ FRPELQH WKH









RSHQFRLOLQJVQDLOV :HUHILQHWKH 005K\SRWKHVLV UHJDUGLQJSUHGDWLRQE\VXJJHVWLQJ
WKDW DUWKURSRG SUHGDWRUVPD\ KDYH EHHQPRUH LQIOXHQWLDO RQ REVHUYHG FKDQJHV LQ VKHOO
VKDSHIUHTXHQF\ IRUVRPHJURXSV 7KHIRVVLOUHFRUGIURPWKH005SURYLGHVDQH[FHOOHQW
RSSRUWXQLW\ WRXQGHUVWDQGKRZGLIIHUHQFHV LQSUHGDWRU\ UHJLPH FDQ DOORZRQHJURXS WR
GULYH WKH HVFDODWLRQRISUH\GHIHQVHVZKHQSUH\ DUH VXEMHFW WRPXOWLSOHSUHGDWRUV :H





(SLWRQLXP XOX  ULJKW 2PSKDORWURSLV MDSRQLFD WDNDQRVKLPDQD
 ERWWRP OHIW %2SHQFRLOHG VKHOO ' SULQW&\FORVFDOD DOGH\Q]HUL
 WRS OHIW 9HUPLFXODULD VSLUDWD $163 ,3  WRS ULJKW
7ULJRQRVWRPDPLOOHUL ERWWRPFHQWHU &8PELOLFDWHVKHOO'SULQW
&\DWKRSRPD WDLZDQLFXP  WRS OHIW $QQXODULD SVHXGDODWXP 
ULJKW $SHURVWRPD WUDQVOXFLGXP GXQRRQHQVH  ERWWRP OHIW '
3ODQLVSULDO VKHOO ' SULQW 3ODQRUELV KHWHURSOHXUXV  WRS OHIW




)LJXUH  /RDG YHUVXV GLVSODFHPHQW RI GU\ JDVWURSRG VKHOOV
FRPSUHVVHG LQ WKH VDPH ,QVWURQ8QLYHUVDO 7HVWLQJPDFKLQH XVHG WR
FRPSUHVV ' SULQWHG VKHOOV &XUYHV GHPRQVWUDWH WKH ORDGLQJ RI D
EULWWOH PDWHULDO DVWKH\ DUH GRPLQDWHGE\OLQHDU HODVWLFEHKDYLRU
ϱϰ
)LJXUH  /RDGLQJFXUYHVIRU WKHIRXUPDLQVQDLOVKHOOVKDSHVVKRZ
GLIIHUHQFHVLQSHDNORDG &KDQJHLQORDGYVGLVSODFHPHQWFXUYHVIRUDOO
WULDOV RI $ WXUELQDWH % RSHQ FRLOLQJ & XPELOLFDWH DQG '
3ODQLVSLUDO ' SULQWHG VKHOOV 6KHOOV VKRZQ LQ HDFK SDQHO DUH GLJLWDO
PRGHOVWKDWZHUHXVHGIRUWKH 'SULQWV%OXHFXUYHVLQGLFDWHWULDOVUXQ
ZLWK VKHOOV SRVLWLRQHG DSHUWXUH XS DQG RUDQJH FXUYHV UHSUHVHQW WULDOV
UXQ DSHUWXUH GRZQ *UHHQ FXUYH UHSUHVHQWV SODQLVSLUDO VKHOO RULHQWHG
ZLWK DSHUWXUH WR WKH OHIW <HOORZ FXUYH UHSUHVHQWV SODQLVSLUDO VKHOO
RULHQWHG ZLWK DSHUWXUH WR WKH ULJKW  &XUYHV ZHUH FURSSHG WR EHJLQ
ZKHUH ORDGZDV DW OHDVW N1DQG WR HQG SRLQWV DIWHUSHDN ORDG
ZDVDWWDLQHG ,QVHW LQ 'VKRZV WZRH[DPSOHVRI ORQJHUGXUDWLRQRI
SODQLVSLUDOWHVWQRWHFKDQJHLQD[HV
ϱϱ
)LJXUH  6KHOO VKDSHV VXVWDLQ GLIIHUHQW SHDN ORDGV LQ
GLIIHUHQWRULHQWDWLRQV %R[SORWRISHDNORDGYVVKHOOVKDSHIRU
WXUELQDWH RSHQ FRLOLQJ DQG XPELOLFDWH ' SULQWHG VKHOOV LQ
FRPSUHVVLRQ (DFKVKHOO W\SHZDV WHVWHG LQERWK WKHDSHUWXUH
XSQ DQGGRZQQ SRVLWLRQ3ODQLVSLUDOQRWVKRZQ
GXH WR GLIIHUHQFHV LQ EUHDNDJH PHFKDQLVP %OXH LQGLFDWHV
WULDOV UXQ ZLWK VKHOOV SRVLWLRQHG DSHUWXUH XS DQG RUDQJH
UHSUHVHQWWULDOVUXQDSHUWXUH GRZQ
ϱϲ
)LJXUH  ' SULQWHG VKHOOV EURNHQ LQ GLIIHUHQW
RULHQWDWLRQV ,PDJHV VKRZ VKHOOV DIWHU IDLOXUH $
7XUELQDWH DSHUWXUH GRZQ % 7XUELQDWH DSHUWXUH XS F











( +-RKQVRQ $Q ([SHULPHQWDO$SSURDFKWR$QDO\]LQJ%LYDOYH6KHOO6KDSHDQG
6WUHQJWK3RVVLEOH7UDGHRIIV%HWZHHQ0HFKDQLFDODQG%HKDYLRUDO'HIHQVHV VXEPLWWHG
$EVWUDFW
%LYDOYHV SURWHFW WKHPVHOYHV IURP WKHLU HQHPLHV XVLQJ ERWK PHFKDQLFDO DQG
EHKDYLRUDO GHIHQVHV%LYDOYHV¶ VKHOOV DUPRU WKHP DJDLQVW QXPHURXVSUHGDWRUV LQFOXGLQJ
SRZHUIXO VKHOOFUXVKHUV $GGLWLRQDOO\ ELYDOYHV SURWHFW WKHPVHOYHV E\ HVFDSLQJ
VZLPPLQJRUHYDGLQJSUHGDWRUVEXUURZLQJ)RUHLWKHUGHIHQVHPHFKDQLVPWKHVKDSH
RI ELYDOYH VKHOOV LV D OLNHO\ FULWLFDO GHWHUPLQDQW RI KRZ VXFFHVVIXOO\ DQ RUJDQLVP FDQ
GHIHQGDJDLQVWD SUHGDWRU\DWWDFN7KLVLVEHFDXVHELYDOYHVKHOOVKDSHVDUHZHOONQRZQ









WKHLU NLQG WR LVRODWH WKH LQIOXHQFH RI ELYDOYH VKHOO VKDSH RQ VWUHQJWK TXDQWLWDWLYHO\




6KHOOV DUPRU ELYDOYHV DJDLQVW ERWK YHUWHEUDWH SUHGDWRUV HJ VKHOOFUXVKLQJ
ILVKHV ELUGV DQG PDPPDOV DQG LQYHUWHEUDWH SUHGDWRUV HJ GULOOLQJ JDVWURSRGV DQG
FHSKDORSRGVDQGVKHOOFUXVKLQJDUWKURSRGV0DWKHU.YLWHNHWDO9HUPHLM
 $OH[DQGHU DQG 'LHWO  $QGHUVRQ HW DO  -RKQVRQ HW DO  7KHVH
VKHOOV QRW RQO\ SURYLGH VWUXFWXUDO SURWHFWLRQ EXW DOVR SHUPLW HVFDSH IURP DQGRU
DYRLGDQFHRISUHGDWRUV%LYDOYHVKHOO VKDSHVDUHRIWHQ LQGLFDWLYHRI OLIHPRGHZKHWKHU
WKH RUJDQLVP OLYHV DERYH RU EHORZ VXEVWUDWH KRZ LW IHHGV DQG KRZRU LI LW ORFRPRWHV
0RRUH DQG 7HLFKHUW  6WDQOH\  7KH UHODWLYHO\ VLPSOH EXW KLJKO\ GLYHUVH
VKDSHV RI ELYDOYH VKHOOV DUH IUHTXHQWO\ XVHG WR LOOXVWUDWH WKH FRQFHSW RI IXQFWLRQDO







VHGLPHQW KDYH YHU\ LQIODWHG RU URWXQG VKHOOV FRPSDUHG WR VHPLLQIDXQDO DQG LQIDXQDO
ELYDOYHV OLYLQJ ZLWKLQ WKH VHGLPHQW ZKLFK RIWHQ KDYH PRUH ODWHUDOO\ FRPSUHVVHG
PRUSKRORJLHV 0RRUH DQG 7HLFKHUW  6WDQOH\  )XUWKHUPRUH EXUURZLQJ
ELYDOYHV WHQG WR KDYH WKLQQHU VKHOOV WKDQ ELYDOYHVZKLFK VLW DWRS VHGLPHQW 0RRUH DQG
7HLFKHUW  6WDQOH\  DQG VZLPPLQJ ELYDOYHV ZKLFK UHJXODUO\ UHVW RQ WKH
VHGLPHQW HJ 3HFWLQLGV KDYH WKLQ FRPSUHVVHG VKHOOV ZLWK VKDSHV ZKLFK SHUPLW OLIW
&KHQJDQG'H0RQW:KLOH WKLQVKHOOVDUHQHFHVVDU\IRU ORFRPRWLRQERWKDERYH
DQG EHORZ WKH VHGLPHQW LW LVZHOO XQGHUVWRRG WKDW WKLQQHU VKHOOV DUHZHDNHU DQGPRUH
HDVLO\ SHQHWUDWHG E\ SUHGDWRUV 7XOO DQG %|KQLQJ*DHVH  *UH\ HW DO 
6SHFLILFDOO\ WKLQQHU VKHOOV DUH PRUH HDVLO\ EURNHQ E\ VKHOO FUXVKLQJ SUHGDWRUV
$OH[DQGHU  -RUGDHQV HW DO  /DNRZLW] HW DO  &URIWV DQG 6XPPHUV
7KHUHIRUHDFOHDUWUDGHRII H[LVWVZKHQFUHDWLQJDWKLQVKHOOZKLFKLVZHOODGDSWHG
IRU HVFDSH RU HYDVLRQ RI SUHGDWRUV EXW SURYLGHV OHVV SURWHFWLRQ VKRXOG WKH RUJDQLVPEH








ZKLFK WRPRGHO VKHOOV VHH /HPDQLV DQG =ORWQLNRY  &URIWV DQG 6XPPHUV 
.ROPDQQHWDO -RKQVRQDQG&DUWHU DQGUHIHUHQFHV WKHUHLQ'SULQWLQJKDV
EHHQ GHPRQVWUDWHG DV DQ HIIHFWLYH WRRO WR UHSOLFDWH PRGHO VKHOOV WKDW H[KLELW EULWWOH
EHKDYLRULQFRPSUHVVLRQVHUYLQJDVDILUVWRUGHUDSSUR[LPDWLRQIRU VKHOOEUHDNDJH)LJ
7KHVHPRGHOV WRGRQRWVHHN WR UHSOLFDWH VKHOOPLFURVWUXFWXUH UDWKHU WKH\VHUYH WR
QRUPDOL]HFRPSOLFDWLQJIDFWRUVRIVWXGLHVRQUHDOVKHOOVWRLVRODWHYDULDEOHV RILQWHUHVW$V
DUHVXOWWKHIDLOXUHRIGLIIHUHQW'SULQWHGVKDSHVXQGHUPHFKDQLFDOFRPSUHVVLRQFDQEH
XVHG IRU UHODWLYH FRPSDULVRQV EHWZHHQ PRUSKRORJLHV ZLWKRXW QHHGLQJ WR UHSOLFDWH WKH
H[DFWPDJQLWXGHRI ORDG WR IDLOXUHRI UHDOV VKHOOV VHH0HWKRGV )LJ &ULWLFDOO\ LQ
WKLV VWXG\ LW ZDV REVHUYHG WKDW ' SULQWHG VKHOOV VWLOO FUDFN WKURXJK OD\HUV RI SULQWHG
PDWHULDOVUDWKHUWKDQJHQHUDWLQJFUDFNVWKDW SUHIHUHQWLDOO\WUDYHODORQJSULQWLQJERXQGDULHV
)LJ  %\ PDWKHPDWLFDOO\ JHQHUDWLQJ DQG ' SULQWLQJ VKHOO PRGHOV IURP EULWWOH
PDWHULDOVRQH FDQ LVRODWH VKDSHDQGFRQWURO VKHOO WKLFNQHVV VL]H DQGPDWHULDO²IDFWRUV
ZKLFK FDQQRW EH SUHFLVHO\ FRQWUROOHG IRU LQ UHDO VKHOOV )LJ 0RUHRYHU XVLQJ '
SULQWHGPDWHULDOVHOLPLQDWHV LVVXHVRILQGLYLGXDOYDULDWLRQRZLQJWROLIH KLVWRU\SUHYLRXV
UHSDLUHG EUHDNDJH PRUSKRORJLFDO DEQRUPDOLWLHV HWF RU SUHVHUYDWLRQ HJ SUHYLRXV
VWXGLHVRI VKHOO VWUHQJWKKDYHXVHGGULHG IUHVKERLOHGDOFRKROVRDNHGVKHOOV 9HUPHLM
DQG&XUUH\$OH[DQGHU=XVFKLQDQG6WDQWRQ :KLWHQDFNDQG+HUEHUW
.ROPDQQHWDO%XUQHWWDQG%HON:XHWDO7KHVHVKHOOVZHUH




ORDGLQJ WHVWV WKH HIIHFWLYHQHVV RI ZKLFK KDV EHHQ GHPRQVWUDWHG UHSHDWHGO\ E\
LQYHVWLJDWRUV VWXG\LQJ WRSLFV UDQJLQJ IURP SUHGDWLRQ WR FOLPDWH FKDQJH &URIWV DQG




DQG 6WUDQG 1DJDUDMDQ HW DO  %XVFKEDXP HW DO 9DVFRQFHORV HW DO
0DFNHQ]LH HW DO  ,Q WKLV VWXG\ WKHPHFKDQLFDO VWUHQJWKRIPRGHOELYDOYH





DQG%RXOGLQJ7KHUHIRUH WKHH[SHULPHQWVXVHGLQ WKLVVWXG\DUHQRWPHDQW WREH
LQGLFDWLYHRIWKHSUHGDWLRQSUHVVXUHVH[HUWHGE\LQYHUWHEUDWHGXURSKDJHV0RUHRYHUWKLV
H[SHULPHQWDO VHWXS UHSUHVHQWV DQ LGHDOL]HG FDVH RI VKHOO FRPSUHVVLRQ ZKLFK DVVXPHV
FRQVLVWHQWVKHOO WKLFNQHVVDQGDFRPPRQSUHGDWRU DWWDFNLQJ WKURXJKTXDVLVWDWLF ORDGLQJ






LQVLJKWV ZKHQ FRPELQHG ZLWK WKH VWXG\ RI VKDSHV ZKLFK KDYH HYROYHG QDWXUDOO\ 7KH
EHQHILW RI WKLV LGHDOL]HG VWXG\ LV WKDW RQH FDQ LVRODWH WKH LQIOXHQFH RI VKDSH RQ VKHOO
VWUHQJWK LQZD\VSUHYLRXVDXWKRUV XVLQJUHDO VKHOOVZHUHXQDEOH WRGRVHH-RKQVRQDQG
&DUWHUIRUGLVFXVVLRQRIWKHVHDQGUHODWHGH[SHULPHQWDOGHVLJQV+RZHYHUDVVKHOO
VWUHQJWK LV GHULYHG IURPPDQ\ IDFWRUVZKLFK FDQQRW EH FRQVLGHUHG LQ WKH VFRSH RI WKLV























6LQJOH ELYDOYH VKHOO PRGHOV RI  GLIIHUHQW VKDSHV ZHUH JHQHUDWHG XVLQJ HTXDWLRQV
PRGLILHG IURP WKH 3KLOOLSV  $SSHQGL[ )LJ 6 7KHVH HTXDWLRQV GHVFULEH D
VXUIDFHJURZLQJLQDORJDULWKPLFVSLUDOVLPLODUWRPRGHOVXVHGE\5DXS
[  HZÂYK  DāFRVXāFRVY
\  HZÂYK  DāFRVXāVLQY
]  HZÂYEāVLQX
&RQVWDQWV D DQG E ZHUHPRGLILHG WR FKDQJH WKH VKDSH RI WKH JHQHUDWLQJ FXUYH 5DXS
ZKHUHD GHVFULEHVWKHGRUVRYHQWUDOD[LVDQGE GHVFULEHV WKHDQWHURSRVWHULRU D[LVRI
WKHJHQHUDWLQJFXUYHVHH7DEOHZ ZDV YDULHGWRFKDQJHZKRUOH[SDQVLRQUDWH DQGK
ZDVPRGLILHG WR HQVXUH WKDW WKHUHZDV QRZKRUO RYHUODS VHH7DEOH  DQG$SSHQGL[
7DEOH 6 7KHVH HTXDWLRQV ZHUH XVHG WR PDNH VXUIDFHV LQ %OHQGHU  7KH
VXEVHTXHQWO\JHQHUDWHGVXUIDFHV ZHUHWKLFNHQHG WR PPWRFUHDWHVROLGREMHFWV,QFDVHV
LQZKLFK D FLUFXODU JHQHUDWLQJ FXUYHZDV XVHG D   E VKHOO LQIODWLRQZDV DGGLWLRQDOO\
PRGLILHGE\DOWHULQJWKHYDOYHKHLJKW7KHPRGHOVZHUHH[SRUWHGDVVWOILOHVDQGSULQWHG
E\ WKH FRPSDQ\ %OXHGJH XVLQJ J\SVXP SRZGHU WKURXJK &RORUMHW ' SULQWLQJ &-3
ELQGHU ZDV XVHG WR DGG OD\HUV RI SRZGHU ORZ YLVFRVLW\ &\DQRDFU\ODWH ZDV XVHG WR
ϲϰ
VWUHQJWKHQ WKHSULQWV VHH&URIWVDQG.ROPDQQIRUVLPLODUSULQWLQJPHWKRGV )LJ










HTXDO DQG RSSRVLWH IRUFH RI WKH YDOYH SXVKLQJ EDFN RQ WKH SODWHZDV UHFRUGHG 6LQJOH
YDOYHV ZHUH XVHG WR HQVXUH VWDELOLW\ RI WKH VSHFLPHQ LQ WHVWLQJ DVVXPLQJ WKDW LQ DQ
LGHDOL]HGFDVHZKHUHWZRYDOYHVFRXOGEHXVHGWKHVDPHUHVXOWVZRXOGEH PLUURUHGE\WKH
RSSRVLQJ YDOYH /RDG N1 DQG GLVSODFHPHQW PP ZHUH UHFRUGHG 7KH ORDG
GLVSODFHPHQWFXUYHRIEULWWOHPDWHULDOVOLNHJ\SVXPSRZGHUSULQWHGVKHOOVRUUHDOVKHOOV
H[KLELWVWKHIROORZLQJIHDWXUHV VRPHPLQRUSODVWLFEHKDYLRUDWLQLWLDOVWUDLQIROORZHGE\
D ODUJHO\ OLQHDUO\ HODVWLF EHKDYLRU DV VHHQ E\ D OLQHDU ORDGGLVSODFHPHQW FXUYH DQRWKHU
VPDOO ]RQH RI SODVWLF EHKDYLRU DW ODUJH VWUDLQ WKDW LV RIWHQ D SUHFXUVRU WR IDLOXUH DQG
ILQDOO\DSHDNIROORZHGE\DGUDVWLFGURSLQORDGDVWKHREMHFWFRPHVRXWRIFRQWDFWZLWK
WKH SODWH XSRQ IDLOXUH 7KHUH PD\ DOVR EH VPDOO GLSV LQ WKH FXUYH GHPRQVWUDWLQJ
PLFURFUDFNV)LJ  :KLOHWKHPDJQLWXGHRIORDGDWIDLOXUHGLIIHUVEHWZHHQUHDOVKHOOV
ϲϱ
DQG ' SULQWHG VKHOOV DQG HYHQ EHWZHHQ UHDO VKHOOV EULWWOH EHKDYLRU GRPLQDWHV LQ DOO
FDVHVRIFRPSUHVVLRQDVVHHQ LQ ORDG YHUVXVGLVSODFHPHQWFXUYHV &URIWVDQG6XPPHUV
.ROPDQQHWDO%XUQHWWDQG%HON:XHWDO
6WDWLVWLFDO$QDO\VHV
3HDN ORDG N1ZDVPHDVXUHG DV WKH KLJKHVW ORDG VXVWDLQHG EHIRUH IDLOXUH ZKLFKZDV
VLJQLILHG E\ D UDSLG GURS LQ ORDG DV WKH SODWH ORVW FRQWDFW ZLWK WKH VSHFLPHQ )RU DOO
DQDO\VHV SHDN ORDGVZHUH GLYLGHG E\ WKH DPRXQW RIPDWHULDO XVHG WRPDNH HDFK VKHOO
VKDSH P/ WRQRUPDOL]HORDGVXVWDLQHGE\WKHPDWHULDO FRVWWRWKHWKHRUHWLFDORUJDQLVP
)RU HDFK DQDO\VLV 5 ZDV XVHG WR FRQGXFW D 6KDSLUR:LONV QRUPDOLW\ WHVW S  
IROORZHGE\.UXVNDO:DOOLVUDQNVXPWHVWV Į QRQHRIWKHVDPSOHVZHUHQRUPDOO\




6KHOOVZHUHHORQJDWHGE\PRGLI\LQJ WKHJHQHUDWLQJFXUYHRI WKHVKHOOV *\*HQHUDWLQJ
FXUYH VKDSHV ZHUH PRGHOHG DV HOOLSVHV WR FUHDWH YDOYHV ZKLFK ZHUH GRUVRYHQWUDOO\
HORQJDWHGD !EFLUFXODUD  ERUDQWHURSRVWHULRUO\HORQJDWHGDE7KHVWURQJHVW
VKHOOV WKRVH ZKLFK VXVWDLQHG WKH KLJKHVW SHDN ORDG SHU YROXPH RI VKHOO PDWHULDO KDG
FLUFXODU JHQHUDWLQJ FXUYHV 7KH ZHDNHVW VKHOOV WKRVH ZKLFK VXVWDLQHG WKH ORZHVW SHDN
ORDGSHUYROXPHRIVKHOOPDWHULDO ZHUHDQWHURSRVWHULRUO\HORQJDWHG)LJ$ .UXVNDO
ϲϲ
:DOOLVS HVHH$SSHQGL[6 IRUSRVWKRFUHVXOWV *HQHUDWLQJFXUYHV**
*** * DQG* ZHUH DOVR FRPSDUHG WR HDFK RWKHU 7KH VWURQJHVW VKDSHV
ZKHQ FRQVLGHUHG E\ SHDN ORDGYROXPH RI VKHOOPDWHULDO ZHUH WKRVH ZKLFK KDG FLUFXODU
JHQHUDWLQJFXUYHVDE   DQGWKHPRVWGRUVRYHQWUDOO\HORQJDWHGJHQHUDWLQJFXUYHDE  
 .UXVNDO:DOOLV S   H VHH 6XSS  IRU SRVW KRF UHVXOWV  7KH PRVW
DQWHURSRVWHULRUO\ HORQJDWHG VKDSH DE   ZDV DOVR IRXQG WREH VWURQJHU WKDQ WKH
RWKHUDQWHURSRVWHULRUO\HORQJDWHG VKHOOVDE  DQGDE   %
:KRUO([SDQVLRQ
6KHOO VWUHQJWK SHU YROXPH ZDV QRW VLJQLILFDQWO\ GLIIHUHQW IRU : : DQG :
+RZHYHUVKHOOVWUHQJWKZDVORZHVWLQVKHOOVZLWK WKHKLJKHVWZKRUOH[SDQVLRQUDWH:
)LJ$ .UXVNDO:DOOLVS HVHH $SSHQGL[ 6 IRUSRVWKRFUHVXOWV7KH
VWUHQJWK RI VKHOOVZLWK WKH VDPHJHQHUDWLQJ FXUYH VKDSH DQGGLIIHULQJZKRUO H[SDQVLRQ
UDWHV ZHUH DOVR FRPSDUHG )RU * * DQG * )LJ % & ' WKH GRUVRYHQWUDOO\
HORQJDWH VKHOOV VKHOOVZLWK: ZHUH VWURQJHU WKDQ: DQG: .UXVNDO:DOOLV S  
H S   H S   H UHVSHFWLYHO\ VHH $SSHQGL[ 6 IRU SRVW KRF
UHVXOWVͿ$GGLWLRQDOO\ : ZDVVWURQJHUWKDQ: )LJ%&' ,QWKHFDVHRI* :
ZDVDOVRVWURQJHUWKDQ: )LJ&)RU * ERWK: DQG:ZHUHVWURQJHUWKDQ:
DQG: )LJ ( .UXVNDO:DOOLV S H VHH6XSS IRUSRVW KRF UHVXOWV
:KHQ * ZDV WHVWHG : : DQG : ZHUH DOO VWURQJHU WKDQ : )LJ )
.UXVNDO:DOOLVS VHH6XSS IRUSRVWKRFUHVXOWV)RUVKHOOVZLWK *
: ZDV VWURQJHU WKDQ: DQG:  $GGLWLRQDOO\ : ZDV VWURQJHU WKDQ: )LJ
* .UXVNDO:DOOLVS HVHH $SSHQGL[ 6 IRUSRVWKRFUHVXOWV
ϲϳ
,QIODWLRQ
,QIODWLRQ ZDV FDOFXODWHG IROORZLQJ 6WDQOH\  DV OLQHDU PHDVXUHPHQW RI ODWHUDO
FRPSUHVVLRQDFURVV WKHYDOYHV DQG JHQHUDWHG IRXU GLVFUHWH FDWHJRULHV VWURQJO\ LQIODWHG
LQIODWHG PRGHUDWHO\ LQIODWHG DQG YHU\ FRPSUHVVHG  7KH VWURQJHVW VKHOOV ZHUH WKRVH
ZKLFKZHUHVWURQJO\LQIODWHG7KHZHDNHVWVKHOOVZHUHWKRVHZKLFKZHUHLQIODWHG7KHUH
ZDV QR VLJQLILFDQW GLIIHUHQFH EHWZHHQ VKHOOVZKLFKZHUH PRGHUDWHO\ LQIODWHG DQG YHU\
FRPSUHVVHG)LJ$6KDSHVZLWK:DQG: ZHUHVWURQJHUWKDQVKDSHVZLWK: DQG
: ZKHQLQIODWHGDWDYDOYHKHLJKWPP:DQG:ZHUHVWURQJHUWKDQVKDSHVZLWK







ZKLFK LV URWDWHG DURXQG DQ D[LV WR FUHDWH D VXUIDFH ZKLFK UHSUHVHQWV WKH RYHUDOO VKHOO
VKDSH%LRORJLFDOO\ WKH JHQHUDWLQJ FXUYH UHIHUV WR WKH SRUWLRQ RI WKH VKHOO XSRQZKLFK
QHZPDWHULDOLVVHFUHWHGE\WKHPDQWOH,QELYDOYHVWKLVLVWKHVKDSHRIWKHFRPPLVVXUH
7KXVE\FKDQJLQJWKHVKDSHRIWKHJHQHUDWLQJFXUYHLQDPRGHOELYDOYHLH FKDQJLQJWKH
VKDSH RI WKH HOOLSVHZKLFK JHQHUDWHV WKH VXUIDFH RI WKH VKHOOPRGHOV FDQ EH HORQJDWHG
HLWKHUGRUVRYHQWUDOO\D ! ERUDQWHURSRVWHULRUO\ D  E7KHRYHUDOOVKDSHRI DELYDOYH
ϲϴ





ELYDOYHV DQG ELYDOYHV ZKLFK UHO\ RQ WKH DELOLW\ WR FHPHQW RU DWWDFK IUHTXHQWO\ H[KLELW
HORQJDWHGVKDSHV 6WDQOH\ 0RUWRQ ,WLVLPSRUWDQWWREHDULQPLQGWKDW
H[FHSWLRQVGRH[LVWLQDOOFDVHVRIVKHOOVKDSHDVVRIWWLVVXHDQGVHYHUDO RWKHUIDFWRUVPD\
LQIOXHQFHELYDOYHOLIHPRGHLQDGGLWLRQWRVKHOO VKDSH ,QWKLV VWXG\ WKHVWURQJHVWVKHOOV
ZKHQ VFDOHGE\ VKHOOPDWHULDO YROXPH ZHUH WKRVHZLWK FLUFXODU JHQHUDWLQJ FXUYHV )LJ
$7KLVVKDSHLVIUHTXHQWO\VHHQLQWD[DZKLFKOLYHDERYHWKHVXEVWUDWH6RPHRIWKHVH




DW HVFDSLQJKDUP LI WKH SUHGDWRU IDLOV WRSHQHWUDWH WKH VKHOO7KH VWUHQJWKRI VZLPPLQJ
ELYDOYHV ZKRVH VKDSHV ZHUH DOVR UHSUHVHQWHG E\ FLUFXODU JHQHUDWLQJ FXUYHV LV IXUWKHU
FRQVLGHUHGEHORZLQWKHGLVFXVVLRQRIVKHOOLQIODWLRQ DVWKHLUODWHUDOO\FRPSUHVVHGVKDSHLV
NH\WRWKHLUHVFDSHEHKDYLRU
,Q WKLV VWXG\ WKHZHDNHVW VKHOO VKDSHVZHUH WKRVHZKLFKZHUH DQWHURSRVWHULRUO\
HORQJDWHG )LJ $%LYDOYH VKHOOVZLWK WKHVH VKDSHV DUH RIWHQ EXUURZLQJ RUJDQLVPV




FRQVWUXFWLQJ D VKHOO WKDW SHUPLWV EXUURZLQJ D ELYDOYH PD\ HQKDQFH LWV FKDQFHV RI
DYRLGLQJSUHGDWRUVEXWEHIDUOHVVSURWHFWHGLIORFDWHGE\DSUHGDWRU7KLVLVLQFRQWUDVWWR
VKHOOVZLWKFLUFXODUJHQHUDWLQJFXUYHVZKLFK\LHOG VKDSHVWKDW PD\ QRWEHZHOODGDSWHGIRU
EXUURZLQJEXWZKLFK PD\SURYLGH WKHDELOLW\ WR VZLP3HFWLQLGDHRU EHWWHUSURWHFWLRQ
VKRXOG WKH RUJDQLVP EH DWWDFNHG 7KH VKDSHV ZLWK LQWHUPHGLDWH VWUHQJWK WKRVH ZKLFK
ZHUHGRUVRYHQWUDOO\HORQJDWHGD !EDUH RIWHQWKRXJKQRWH[FOXVLYHO\ VHHQLQWD[DWKDW




7R IXUWKHU LQYHVWLJDWH WKH LQIOXHQFH RI VKHOO HORQJDWLRQ WKH VWUHQJWK RI VKHOO
PRGHOVZDVDOVRFRPSDUHGE\WKHDPRXQWRIHORQJDWLRQDELQDGGLWLRQWRWKHGLUHFWLRQ
RI HORQJDWLRQ D E D  E RU D ! E :KHQ FRPSDUHG E\ DPRXQW DQG GLUHFWLRQ RI
HORQJDWLRQVKHOOV LQDGGLWLRQ WRFLUFXODUVKDSHVEHLQJYHU\VWURQJVKDSHVZLWK* ZHUH
VWURQJHU WKDQ RWKHU GRUVRYHQWUDOO\ HORQJDWHG VKDSHV * DQG * 7KH PRVW
DQWHURSRVWHULRUO\ HORQJDWHG VKDSHV * ZHUH WKH VWURQJHVW RI WKH DQWHURSRVWHULRUO\
HORQJDWHG VKDSHV 7KH H[WUHPHO\ HORQJDWHG VKDSHV WHVWHG LQ WKLV H[SHULPHQW OLNHO\
UHSUHVHQW WKHRUHWLFDO VKHOO VKDSHV QRW IRXQG LQ QDWXUH DV WKHLU GLPHQVLRQV OLPLW WKH
DPRXQWRIVRIWWLVVXHWKDWFRXOGEHFRQWDLQHGE\WKHYDOYHVKRZHYHUH[WUHPHHORQJDWLRQ
GRHV RFFXU LQ QDWXUH )RU H[DPSOH WKH VKHOOV RI 6ROHP\D UD]RU FODPV DUH H[WUHPHO\
ϳϬ





GLVHQWDQJOH:KLOH WKH WZRSDUDPHWHUV DUH UHODWHGZKRUO H[SDQVLRQ UDWH GHVFULEHVKRZ
TXLFNO\ WKH JHQHUDWLQJ FXUYH RI D VKHOO H[SDQGV ZKLOH LQIODWLRQ KHUH UHIHUV WR D OLQHDU
PHDVXUHPHQW RI ODWHUDO FRPSUHVVLRQ DFURVV WKH YDOYHV :KRUO H[SDQVLRQ UDWH UHIHUV WR
KRZ TXLFNO\ WKH JHQHUDWLQJ FXUYH H[SDQGV DV WKH VKHOO JURZV LQ LWV VSLUDO IRUP $V
SUHYLRXVO\GLVFXVVHGWKHJHQHUDWLQJFXUYHRIDELYDOYHFDQEHYLVXDOL]HGDVWKHVKDSHRI
WKHVKHOOFRPPLVVXUH7KHUHIRUHKLJKHUH[SDQVLRQUDWHV LQELYDOYHVKHOOV OHDGWRJUHDWHU
LQFUHDVHV LQ JHQHUDWLQJ FXUYH VL]H SHU XQLW RI VKHOO OHQJWK ,Q WKH FDVH RI ELYDOYHV WKLV
PHDQV WKDW ELYDOYHV ZLWK KLJKHU ZKRUO H[SDQVLRQ UDWHV DUH PRUH ODWHUDOO\ FRPSUHVVHG
OHVVLQIODWHGWKDQELYDOYHVZLWKORZHUZKRUOH[SDQVLRQUDWHV
0ROOXVN VKHOOV ZLWK ORZHU H[SDQVLRQ UDWHV ZKLFK UHVXOW LQ KLJK LQIODWLRQ
GLVFXVVHG LQ WKHIROORZLQJVHFWLRQDUHRIWHQEHOLHYHG WREHPRUHUHVLVWDQW WRFUXVKLQJ
SUHGDWLRQIRUH[DPSOHURWXQGVKHOOVLQ'H:LWWHWDO+LJKO\LQIODWHG ELYDOYHVDUH
DOVRWKRVHIUHTXHQWO\IRXQG WROLYHRQ WKHVXUIDFHRIWKHVHGLPHQW DQGDUHQRWZHOODGDSWHG




QR VLJQLILFDQW GLIIHUHQFH LQ VWUHQJWK RI : : DQG : 6KHOOV ZLWK : ZHUH
H[WUHPHO\ IODW DQG WKXV PD\ EH FRQVLVWHQW ZLWK WKH VKHOOV RI VZLPPLQJ FLUFXODU
JHQHUDWLQJFXUYHV EXUURZLQJDQGDWWDFKHGELYDOYHV HORQJDWHGJHQHUDWLQJFXUYHV7KH
VWUHDPOLQHGVKDSHVRIWKHVHVKHOOVHQDEOHK\GURG\QDPLFVZKLFKSHUPLWOLIW LQVZLPPLQJ
WD[D EXUURZLQJ DQGDWWDFKPHQWZLWKRXWGLVSODFHPHQW:KRUO H[SDQVLRQGHPRQVWUDWHG




WR SUHYHQW GLVORGJLQJ ,Q FRQWUDVW DQWHURSRVWHULRUO\ HORQJDWHG VKHOOV KDGPRUH YDULDEOH




ZKRVH OLQHDU PHWULFV FDWHJRUL]HG WKH WHVWHG PRGHOV DV VWURQJO\ LQIODWHG LQIODWHG
PRGHUDWHO\ LQIODWHG DQG YHU\ FRPSUHVVHG 7KH PRVW LQIODWHG VKHOOV WHVWHG LQ WKLV
H[SHULPHQW ZHUH IRXQG WR EH WKH VWURQJHVW ZKHQ QRUPDOL]HG E\ VKHOO YROXPH 6LQFH
ELYDOYHVZLWK PRUH LQIODWHGVKHOOV WHQG WR OLYHRQ WKHVXUIDFH RI WKHVHGLPHQW WKLVPD\
SURYLGH HYLGHQFH RI DQRWKHU GHIHQVLYH WUDGHRII EHWZHHQ PHFKDQLFDO DQG EHKDYLRUDO
SURWHFWLRQ 7KDWLVWRVD\WKDWPRUHLQIODWHGVKHOOVZKLFKDUHQRWZHOODGDSWHGIRUHVFDSH
RUHYDVLRQEHKDYLRUVOLNHVZLPPLQJDQGEXUURZLQJPD\EHPRUHUHVLVWDQW WRSUHGDWLRQ




NQRZQ WKDW RWKHU IDFWRUV VXFK DV VKHOO PLFURVWUXFWXUH DQG WKLFNQHVV DOVR FRQWULEXWH WR
VKHOO VWUHQJWK 6WHLQ HW DO  $OH[DQGHU  'H:LWW HW DO  6DOLQDV DQG
.LVDLOXV  7KXV LW LV OLNHO\ WKDW WKH FRPELQHG LQIOXHQFH RI WKHVH IDFWRUV²LQ
DGGLWLRQ WRVKDSH²PD\VWUHQJWKHQVKDSHVZKLFKDUHZHDNHU LQ LVRODWLRQ)LQDOO\YDOYH
KHLJKW ZDV PRGLILHG IRU VKHOO PRGHOV ZLWK FLUFXODU JHQHUDWLQJ FXUYHV ZKLOH ZKRUO
H[SDQVLRQ UHPDLQHG FRQVWDQW7KLV \HLOGHG VKHOOPRGHOVZKLFKZHUH WKH VDPH LQ HYHU\




,Q WKLV VWXG\ H[SHULPHQWDO FRPSUHVVLRQ WHVWV RI ' SULQWHG VKHOO PRGHOV ZHUH
XVHG WR XQGHUVWDQG WKH H[WHQW WR ZKLFK GLIIHUHQW ELYDOYH VKDSHV SURYLGH VWUXFWXUDO
SURWHFWLRQ DJDLQVW SUHGDWRUV8QGHUVWDQGLQJ WKH LQIOXHQFH RI VKDSH RQ VKHOO VWUHQJWK LV
KLJKO\ FRPSOH[ EHFDXVH D PXOWLWXGH RI VKDSH SDUDPHWHUV FRQWULEXWH WR VKHOO VWUHQJWK
+HUH WKH LQIOXHQFHRI VKHOO HORQJDWLRQZKRUO H[SDQVLRQ DQG LQIODWLRQZHUH H[DPLQHG
7KHUHVXOWVRIWKLVVWXG\VXJJHVWWKDWVKHOOVZLWKFLUFXODUJHQHUDWLQJFXUYHVDUHJHQHUDOO\
PRUH UHVLVWDQW WRFUXVKLQJ WKDQHORQJDWHGVKHOOV ,WZRXOGEH LQWHUHVWLQJ WRTXDQWLI\ WKH
GLYHUVLW\RIELYDOYHJHQHUDWLQJFXUYHVKDSHVLQERWK PRGHUQELYDOYHVDQGWKHIRVVLOUHFRUG
WR EHWWHU XQGHUVWDQG WKH HYROXWLRQDU\ VLJQLILFDQFH RI VKHOO HORQJDWLRQ:KHQ VKHOOV DUH





GLUHFWLRQ RI VKHOO HORQJDWLRQ GRUVRYHQWUDO RU DQWHURSRVWHULRU 6WURQJO\ LQIODWHG VKHOOV
ZHUHVWURQJHUWKDQWKHLUFRXQWHUSDUWVKRZHYHUVRPHVKHOOVZKLFKZHUHYHU\FRPSUHVVHG
ZHUHVWLOOYHU\VWURQJ7KLV VWXG\SURYLGHVHPSLULFDOHYLGHQFH IRUSRWHQWLDO WUDGHRIIV LQ
GHIHQVLYH FDSDELOLWLHV RI GLIIHUHQW VKHOO VKDSHV +RZHYHU WKH UHVXOWV SUHVHQWHG KHUH
GHPRQVWUDWH WKDW WKHVH UHODWLRQVKLSV DUH QRW DV VWUDLJKWIRUZDUG DV WKH\ DUH VRPHWLPHV
SRUWUD\HG ,Q IDFWPDQ\ GLIIHUHQW SDUDPHWHUV RI VKHOO VKDSH FDQ DOWHU WKH VWUHQJWK RI D
ELYDOYHVKHOOZKHQDFWLQJLQFRQFHUW
ϳϰ
7DEOH  6KHOO VKDSHV SURGXFHG E\ GLIIHUHQW JHQHUDWLQJ FXUYHV XVLQJ
SDUDPHWHUV D DQG E 6KHOOV IRU ZKLFK D ! E DUH HORQJDWHG GRUVRYHQWUDOO\
6KHOOV IRUZKLFK D  E DUH HORQJDWHG DQWHURSRVWHULRUO\ OHIW 6KHOO VKDSHV
SURGXFHGE\GLIIHUHQWZKRUOH[SDQVLRQUDWHV
ϳϱ
)LJXUH  $([SHULPHQWDO FRPSUHVVLRQ RI 'SULQWHG ELYDOYH VKHOOPRGHO
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)LJXUH  $ 3HDN /RDG6KHOO 9ROXPH N1P/ YHUVXV ,QIODWLRQ
VWURQJO\LQIODWHG Q LQIODWHG Q PRGHUDWHO\LQIODWHG Q DQG
YHU\FRPSUHVVHG Q  6KDSLURZLONVS H.UXVNDO:DOOLVS
  H VHH VXSSV IRU 'XQQ¶V % 3HDN /RDG6KHOO 9ROXPH
N1P/YHUVXVLQIODWLRQRIVKHOOVZLWKFLUFXODUJHQHUDWLQJFXUYHVD E
Q    IRU HDFK VKDSH;*:] 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$PPRQRLG FHSKDORSRGV HYROYHG LQWULFDWH LQFUHDVLQJO\ FRPSOH[ IUDFWDO LQWHUQDO
ZDOOV VHSWD RYHUPRUH WKDQ PLOOLRQ\HDUV0DQ\ IXQFWLRQDOK\SRWKHVHVKDYHEHHQ
SURSRVHGWRH[SODLQWKHVHXQLTXHH[WLQFWPRUSKRORJLHV+HUHZHWHVWWKHK\SRWKHVLVWKDW
LQFUHDVLQJO\ FRPSOH[O\ IROGHG VHSWD PLJKW KDYH SURYLGHG EHWWHU UHVLVWDQFH WR
FRPSUHVVLRQE\VKHOOFUXVKLQJSUHGDWRUV:HXVHFRPSXWHUDLGHGGHVLJQDQG'SULQWLQJ
WR UHFUHDWH WKHVH H[WLQFW RUJDQLVPV DQG SHUIRUP WKH ILUVW SK\VLFDO FRPSUHVVLRQ
H[SHULPHQWV RQ PRGHODPPRQRLGVHSWD:HILQGWKDWLQFUHDVLQJVHSWDO VKDSH FRPSOH[LW\
GRHVQRWFUHDWHPRUHFRPSUHVVLRQUHVLVWDQFH $GGLWLRQDOO\ZHILQGHYLGHQFHVXJJHVWLQJ
WKDW WKHHYROXWLRQRI VHSWDVKDSHPD\EHFORVHO\ WLHG WR WKHSODFHPHQWRI WKH VLSKXQFOH
ϴϮ




$PPRQRLGV D JURXS RI H[WLQFW VKHOOHG FHSKDORSRGV DUH NQRZQ IRU WKHLU
H[WHQVLYH IRVVLOUHFRUGZKLFKSUHVHUYHVQRWRQO\WKHLUH[WHUQDOFRLOHGVKHOOVEXWDOVRWKHLU
FRPSOH[ LQWHULRU VKHOO ZDOOV VHSWD /DQGPDQ DQG:DDJH  'DQLHO HW DO 
/DQGPDQ HW DO  .HUU DQG .HOOH\  /HPDQLV HW DO D 3HWHUPDQ DQG
%DUWRQ :KLOHWKHLUPRGHUQUHODWLYHV WKHQDXWLORLGVKDYHVLPSOHSDUDEROLFVHSWD
ZKLFKGHOLQHDWHFKDPEHUVXVHGWRUHJXODWH EXR\DQF\ EHKLQGWKHERG\FKDPEHU LH WKH
SKUDJPRFRQH DPPRQRLGV HYROYHG LQWULFDWHO\ IROGHG VHSWD )LJ  &RPSOH[
DPPRQRLG VHSWD EHFDPH LQFUHDVLQJO\ IUDFWDO SRVVHVVLQJ VFDOHLQYDULDQW JHRPHWU\
WKURXJKRXWWKHDPPRQRLGV¶HYROXWLRQDU\KLVWRU\VSDQQLQJRYHUPLOOLRQ\HDUVEHIRUH
WKHLUH[WLQFWLRQDW WKHHQGRI WKH0HVR]RLF %R\DMLDQDQG/XW]3pUH]&ODURVDQG
%HQJVWRQ3HWHUPDQDQG%DUWRQ6LQFHWKHVHFRPSOH[PRUSKRORJLHVGRQRW
H[LVWLQPRGHUQRUJDQLVPV ZKLFKKDYHUHWDLQHGPXFKVLPSOHUVHSWDOVKDSHV WKHP\VWHU\
RI ZK\ DPPRQRLGV ZRXOG KDYH LQYHVWHG WKH ELRORJLFDO UHVRXUFHV WR JHQHUDWH LQWULFDWH
VHOIVLPLODU JHRPHWULHV KDV SODJXHG SDOHRQWRORJLVWV IRU GHFDGHV 3UHYLRXV LQYHVWLJDWRUV
KDYH VXJJHVWHG SK\VLRORJLFDO DQG PHFKDQLFDO UHODWLRQVKLSV EHWZHHQ VHSWDO FRPSOH[LW\




6HLODFKHU    +HQGHUVRQ  (EHO  VRIW ERG\ DWWDFKPHQW /HZ\
  DQG K\GURVWDWLF SUHVVXUH %XFNODQG  3IDII  1DJDR DQG 6DLWR
 5H\PHQW :HVWHUPDQQ    6HLODFKHU  .HQQHG\ DQG
&REEDQ  +HZLWW DQG:HVWHUPDQQ  +DVVDQ HW DO  GH %ODVLR 
0RUHUHFHQWO\/HPDQLVHWDOE XVHGILQLWHHOHPHQWDQDO\VLV WR VWXG\WKHHIIHFWRI
LQFUHDVLQJVHSWDOFRPSOH[LW\RQVKHOOVWUHQJWKXQGHUERWKK\GURVWDWLFSUHVVXUHDQGSRLQW
ORDGLQJ VFHQDULRV 7KHVH DXWKRUV IRXQG WKDW LQFUHDVLQJ FRPSOH[LW\ GLG QRW FUHDWH
LQFUHDVHGUHVLVWDQFH WRK\GURVWDWLFSUHVVXUHKRZHYHU LW GLG LQFUHDVHUHVLVWDQFH WRSRLQW
ORDGV OLNH WKRVH LPSDUWHG E\ VKHOOFUXVKLQJ SUHGDWRUV /HPDQLV HW DO  3UHYLRXV
DXWKRUV 'DQLHO HW DO  +DVVDQ HW DO  KDYH PDGH VLPLODU VXJJHVWLRQV WKDW
LQFUHDVHG VHSWDO FRPSOH[LW\ PLJKW KDYH KDG D GHIHQVLYH SXUSRVH DOWKRXJK WKH IRVVLO
UHFRUG KDV \HW WR GHPRQVWUDWH WKLV .HUU DQG .HOOH\  %RWK DPPRQRLGV DQG
QDXWLORLGV DUH NQRZQ WR KDYH IDOOHQ SUH\ WR VKHOOFUXVKLQJ SUHGDWRUV LQFOXGLQJ ILVKHV
PDULQHUHSWLOHVDQGRWKHUFHSKDORSRGV0DSHVDQG&KDIILQ9XOOR.HUUDQG
.HOOH\7DNHGDHWDO7RIXUWKHUWHVWWKHK\SRWKHVLVWKDWSUHGDWLRQSUHVVXUHV
IURPVKHOOFUXVKLQJSUHGDWRUVPLJKWKDYHGULYHQ WKHHYROXWLRQRI LQFUHDVLQJO\ FRPSOH[




7KHSURFHVVHV RIIRVVLOL]DWLRQRIWHQUHQGHU PRUSKRORJLHVXQWHVWDEOH HJWUDSSLQJ
UHPDLQVLQURFNVFKDQJLQJWKHLUFRPSRVLWLRQ GLDJHQHVLV SUHVHQWLQJD PDMRUFKDOOHQJHWR
ϴϰ
XQGHUVWDQGLQJ WKH IRUP DQG IXQFWLRQ RI H[WLQFW RUJDQLVPV 3DOHRQWRORJLVWV KDYH
HQJLQHHUHG PDQ\ FUHDWLYH PHDQV WR KDQGOH WKLV SUREOHP LQFOXGLQJ ERWK SK\VLFDO DQG
YLUWXDOH[SHULPHQWDWLRQ RQUHDODQGPRGHOVSHFLPHQVHJ /HPDQLV DQG=ORWQLNRY
3HWHUPDQDQG%DUWRQ-RKQVRQDQG&DUWHU,QWKLVVWXG\ZHXVHG FRPSXWHU
DLGHGGHVLJQ WR FUHDWH'SULQWDEOH DPPRQRLG PRGHOV HDFKRIZKLFK LVRODWHG D VLQJOH
FKDPEHUERXQGE\ WZRVHSWDOZDOOV )LJ ,QRUGHUWRXQGHUVWDQGWKHHIIHFWVRI
LQFUHDVLQJ VHSWDO FRPSOH[LW\RQVKHOO VWUHQJWKZH WHVWHG VHSWD IURPIRXUPRUSKRORJLFDO
JURXSV7KHILUVWWKUHHVHSWDOW\SHVDPPRQLWLFFHUDWLWLFDQGJRQLDWLWLFDUHVHSWDOVKDSHV
WKDW DUH IRXQG LQ DPPRQRLG IRVVLOV )LJ $&(*$PPRQLWLF VHSWD DUH WKHPRVW
IUDFWDO VHSWD RI WKHVH JURXSV DQG JRQLDWLWLF VHSWD DUH WKH OHDVW IUDFWDO LH WKH OHDVW
FRPSOH[7KHIRXUWKVHSWDOPRUSKRORJ\ZHWHVWHGUHSUHVHQWHGQDXWLORLGVHSWD ZKLFKDUH
VLPSOH DQGSDUDEROLF WKHVHVKDSHVDUHVWLOOVHHQLQPRGHUQ1DXWLOXV )LJ'+:H
VHOHFWHGWZHOYHJHQHUD UHSUHVHQWLQJWKHVHIRXUVHSWDOW\SHV'LSORPRFHUDV%DFXOLWHVDQG
'RXYLOOHLFHUDV DPPRQLWLF 2WRFHUDV 3HDUO\DQGLWHV DQG ;HQDVSLV FHUDWLWLF
6FKLVWRFHUDV0DQWLFHUDV DQG 'LDERORFHUDVJRQLDWLWLF DQG(LIHORFHUDV(QGRFHUDV DQG
2UWKRFHUDV QDXWLORLG7DEOH7KHFRPSOH[LW\RIWKHVHVHSWDZDVTXDQWLILHGXVLQJWKH
IUDFWDO ER[ FRXQWLQJ PHWKRG WR JHQHUDWH VFDOLQJ H[SRQHQWV 7DEOH  3HWHUPDQ DQG
%DUWRQ  VHHPHWKRGV IRU GHWDLOV$GGLWLRQDOO\ZH FUHDWHG D K\SRWKHWLFDO FRQWURO
PRGHOZLWKFRPSOHWHO\VWUDLJKWZDOOV)RUFRQVLVWHQF\DOOPRGHOVZHUHFUHDWHGDVVXPLQJ
DQRUWKRFRQLFVKDSH UHSUHVHQWLQJDVWUDLJKWVKHOO HJ%DFXOLWHV )LJVHHPHWKRGV
IRU GHWDLOV UDWKHU WKDQ D FRLOHG VKHOO DV RYHUODSSLQJ ZKRUOV LQ FRLOHG VKHOOV OLNHO\
FRQWULEXWHWRWKHGLVWULEXWLRQRIVWUHVVZKHQDIRUFHLVDSSOLHGE\DSUHGDWRU +HZLWWDQG
:HVWHUPDQQ  7KHVHPRGHOVZHUH ' SULQWHG XVLQJ EULWWOHPDWHULDOV WRPDLQWDLQ
ϴϱ
FRQVLVWHQWPDWHULDO SURSHUWLHV DQG QRUPDOL]H IRU VL]H DQG VKHOO WKLFNQHVV WR FRQWURO IRU
ELRORJLFDO FRPSOLFDWLRQV VXFK DV GLIIHUHQFHV LQ PLFURVWUXFWXUH DQG WKH WKLFNQHVV RI
DPPRQRLGDQGQDXWLORLGVHSWD6DXQGHUV
7KH XVHRIEULWWOH'SULQWHGPDWHULDOVDOORZVIRU WKHUHODWLYHFRPSDULVRQRIWKH
VWUHQJWK SURYLGHG E\ GLIIHUHQW VHSWDO VKDSHV ZLWKRXW GUDZLQJ DQ\ LPSOLFDWLRQV IRU WKH
PDJQLWXGHRI VKHOO VWUHQJWK LQ OLIH:KLOHFRPSXWDWLRQDOPRGHOLQJPHWKRGV HJ ILQLWH
HOHPHQW DQDO\VLV KDYH DOVR SURYHQ XVHIXO WR WHVW H[WLQFW PRUSKRORJLHV LW EHFRPHV




EHKDYLRUFRQVLVWHQWZLWK PHFKDQLFDOWHVWVFRQGXFWHGRQ PROOXVNVKHOOVLQ SUHYLRXVVWXGLHV
&URIWV DQG6XPPHUV .ROPDQQHW DO %XUQHWW DQG%HON :XHW DO
 :KLOH WKLV VWXG\ UHSUHVHQWV DQ LGHDOL]HG H[SHULPHQWDO VHWWLQJ ZLWK WKHRUHWLFDO
SUHGDWRUV DQG SUH\ WKH FRPSUHVVLRQ WHVWV SHUIRUPHG KHUH SURYLGH WKH EHVW ILUVWRUGHU
DSSUR[LPDWLRQ RI UHODWLRQVKLSV RI VHSWDO VKDSH DQG VKHOO VWUHQJWK VR IDU SURYLGHG E\
HPSLULFDO WHVWLQJ 7KHVH H[SHULPHQWV ZHUH GHVLJQHG WR UHSUHVHQW D FRQWUROOHG WHVW RI
FRPSUHVVLRQ E\ D YHUWHEUDWH SUHGDWRU XVLQJ IODW FUXVKLQJ SODWHV DQG GR QRW HQFRPSDVV
LPSDFWV SRLQW ORDGV FRQFHQWUDWHG E\ LQYHUWHEUDWH SUHGDWRUV SUH\ PDQLSXODWLRQ E\
SUHGDWRUV RU VWUHVVHV LQGXFHG E\ K\GURVWDWLF SUHVVXUH :H SUHVHQW RXU ILQGLQJV RI
IXQGDPHQWDOPHFKDQLFDOH[SHULPHQWVHYDOXDWLQJ WKHVWUHQJWK RIDVHOHFWQXPEHURIVHSWDO
PRUSKRORJLHV XVLQJERWKSHDNORDGDQGWKHVKDSHV RIORDGGLVSODFHPHQW FXUYHVDVSUR[LHV
ϴϲ
IRUUHVLVWDQFHWRFUXVKLQJ 3HDNORDGLVXVHGDVDPHWULFE\ZKLFKWRFRPSDUHWKHDPRXQW
RI IRUFH ZLWKVWRRG E\ GLIIHUHQW VHSWDO VKDSHV EHIRUH IDLOXUH 7KH VKDSH RI WKH ORDG




(DFK RI WKH WKLUWHHQ PRGHOV FRQVLVWV RI D VHJPHQW RI D VKHOO ZLWK D VOLJKWO\




LQ ' VSDFH 7KH VROLGLI\ PRGLILHU LQ %OHQGHU ZDV XVHG WR H[WUXGH WKH PRGHO LQ WKH
SRVLWLYH RXWZDUG GLUHFWLRQV LQ RUGHU WR GHILQH WKLFNQHVV PHDVXUHG DW  RI ZKRUO
KHLJKW
7KH VXWXUH SDWWHUQV RI HDFK VSHFLPHQZHUH VFDQQHG IURP WKHLU RULJLQDO VRXUFHV











'VXUIDFH ZDVH[WUXGHGWRRIZKRUO KHLJKWWR\LHOGD VLQJOH'PHVKRIHDFKVHSWXP
7KUHHGLPHQVLRQDOVHSWDZHUHGXSOLFDWHGDQGWUDQVIRUPHGWRFUHDWHWKHILQDOPRGHOVZLWK
WZR VHSWD WKDW DUH VSDFHGDFFRUGLQJ WR WKHLU UHDOZRUOG FRXQWHUSDUWV7KHH[WHUQDO VKHOO
ZDVVFDOHG ORQJLWXGLQDOO\ LQRUGHU WRDFFRPPRGDWH WKHVHSWDIRUHDFKVSHFLHVDQG WKHQ










&RPSUHVVLRQ H[SHULPHQWV ZHUH FRQGXFWHG XVLQJ DQ ,QVWURQ 8QLYHUVDO 7HVWLQJ
0DFKLQH ZLWK D N1 ORDG FHOO 7ZR IODW SODWHV ZHUH XVHG WR PLPLF WKHRUHWLFDO IODW
FUXVKLQJWHHWK RIDYHUWHEUDWHSUHGDWRU )LJ  7KHSODWHVZHUHOLQHGZLWKVDQGSDSHUWR
ϴϴ
SUHYHQWPRGHOVIURPUROOLQJ7KHPRGHOV ZHUHRULHQWHGVRWKDW ERWK WKHVKRUWHVWD[LV RI
WKHRXWHUVKHOO DQGWKH VHSWDZHUHSHUSHQGLFXODUWR WKHSODWHV7KHH[SHULPHQWDOVHWXS ZDV
WKHQVXUURXQGHGE\DSURWHFWLYH VKLHOGDQGWKHWRSSODWHZDVORZHUHGDWPPSHUPLQXWH
FUHDWLQJ D TXDVLVWDWLF ORDGLQJ UHJLPH7KH IRUFH RI WKHPRGHO SXVKLQJ EDFN RQ WKH WRS
SODWHZDVFRQWLQXRXVO\UHFRUGHG%ULWWOHEHKDYLRUZDVREVHUYHGLQWKHORDGGLVSODFHPHQW
FXUYHV DV WKHVKHOOPRGHOVGHPRQVWUDWHG ODUJHO\ OLQHDUHODVWLFEHKDYLRUZLWKRQO\ VPDOO
UHJLRQVRISODVWLFLW\GXULQJ LQLWLDO ORDGLQJDQG LPPHGLDWHO\SULRU WR UHDFKLQJ SHDN ORDG
8SRQ UHDFKLQJ SHDN ORDG VKHOOV VKDWWHUHG DQG FDPH RXW RI FRQWDFW ZLWK WKH WRS SODWH
FDXVLQJ D GUDVWLF GURS LQ ORDG UHDG E\ WKH PDFKLQH )RU HDFK JHQXV ILYH WULDOV ZHUH
FRQGXFWHG H[FHSW LQ WKH FDVHV RI 'RXYLOOHLFHUDV 2WRFHUDV 'LDERORFHUDV DQG




5LJLG 5HVLQ GRHV QRW EHKDYH LQ D EULWWOH IDVKLRQ LI SRVWSURFHVVHG IROORZLQJ
VXJJHVWHG)RUPODEVJXLGHOLQHV IRU FXULQJ7KHUHIRUHZH WRRN H[WUD VWHSV WRPDNH VXUH
RXUPRGHOV KDG WKH DSSURSULDWHPDWHULDO SURSHUWLHV WR DFFXUDWHO\PRGHO VKHOO EUHDNDJH
0RGHOVZHUHZDVKHGWKUHHWLPHVLQVWHDGRIRQFH WRHQVXUHWKDWDVPXFKH[FHVV UHVLQZDV
UHPRYHG IURP LQWHULRU FKDPEHUV RI WKH PRGHOV DV SRVVLEOH $GGLWLRQDOO\ VHYHUDO
PLQLDWXUH PRGHOV ZHUH WHVWHG ZLWK WKH IROORZLQJ FXULQJ WLPHV PLQV )RUPODEV
UHFRPPHQGHGPLQVPLQVPLQVPLQVPLQV7KHVDPSOHVZHUHIRXQGWR
ϴϵ
EHFRPHEULWWOHDWPLQVDQGPLQVRIFXULQJ VHH $SSHQGL[)LJ6 :HXVHGD
PLQVFXUHWLPHWRHQVXUHEULWWOHEHKDYLRU
4XDQWLILFDWLRQRI6XWXUDO&RPSOH[LW\





ER[HVRFFXSLHGE\ WKDWSDWWHUQDWYDULRXVVFDOHV ER[VL]HV$VER[VL]HGHFUHDVHV WKH
QXPEHURIRFFXSLHGER[HVLQFUHDVHV7KHUDWHDWZKLFK WKHVHRFFXSLHGER[HVLQFUHDVHDW
VPDOOHU VFDOHV LV HTXDO WR WKH VFDOLQJ H[SRQHQW LH WKH VORSH RI D SRZHU IXQFWLRQ ILW
WKURXJK WKH VDPSOHG GDWD SRLQWV'LUHFWLRQDO ELDVZDV UHPHGLDWHG E\ URWDWLQJ WKH JULG
HYHU\GHJUHHVDQGFRXQWLQJWKHPLQLPXPQXPEHURIRFFXSLHGER[HVDWHDFKVWHSVL]H
'DWDSRLQWV EHORZ  SL[HOV WKH DSSUR[LPDWH ZLGWK RI HDFK GLJLWDO KHPLVXWXUH ZHUH
H[FOXGHGIURPHDFKDQDO\VLV
,W VKRXOG EH QRWHG WKDW WKH IUDFWDO ER[ FRXQWLQJPHWKRG LVPRVW DSSURSULDWH IRU
IUDFWDO REMHFWV RU WKRVH DSSUR[LPDWLQJ IUDFWDO VFDOLQJ DQG VHOIVLPLODULW\ 7KH FHUDWLWLF
JRQLDWLWLF DQG QDXWLORLG VXWXUHV GR QRW H[KLELW VHOIVLPLODULW\ DQG DUH QRW WUXH IUDFWDOV
1RQHWKHOHVV WKHLU GDWDSRLQWV DUH ZHOO ILW E\ SRZHU IXQFWLRQV ZLWK ORZ VWDQGDUG HUURUV
7DEOH  :KLOH VXFK SDWWHUQV FDQQRW EH LQWHUSUHWHG DV IUDFWDOV VHQVX VWULFWR VFDOLQJ
ϵϬ






QDXWLORLG DQG VWUDLJKW VHSWD ZHUH FRPSDUHG .UXVNDO:DOOLV SYDOXH    RQO\
WZRVLJQLILFDQWSDLUZLVHGLIIHUHQFHVZHUHIRXQG7KHVHFRPSDULVRQVVKRZHGWKDWVWUDLJKW
ZDOOHGPRGHOV UHSUHVHQWLQJFRQWUROVZHUH VLJQLILFDQWO\ VWURQJHU WKDQDPPRQLWLF VHSWD
'XQQWHVWS DQGJRQLDWLWLFVHSWD'XQQWHVWS  )LJ 
3HDNORDGVXVWDLQHGE\PRGHOVUHSUHVHQWLQJGLIIHUHQWJHQHUD ZLWKGLIIHUHQWVHSWDO
PRUSKRORJLHV ZHUHDOVRFRPSDUHG.UXVNDO:DOOLV SYDOXH HVLJQLILFDQW'XQQ
WHVW SDLUZLVH FRPSDULVRQV S   )LJ $ 'LSORPRFHUDV ZDV VLJQLILFDQWO\
VWURQJHU WKDQ %DFXOLWHV'LDERORFHUDV'RXYLOOHLFHUDV (LIHORFHUDV0DQWLFRFHUDV DQG
3HDUO\DQGLWHV (LIHORFHUDV (QGRFHUDV DQG 2WRFHUDVZHUHDOO VLJQLILFDQWO\VWURQJHUWKDQ
'RXYLOOHLFHUDV 2UWKRFHUDV ZDV VLJQLILFDQWO\ VWURQJHU WKDQ %DFXOLWHV 'LDERORFHUDV
'RXYLOOHLFHUDVDQG0DQWLFRFHUDV 6FKLVWRFHUDV ZDVVLJQLILFDQWO\VWURQJHUWKDQ%DFXOLWHV
'LDERORFHUDV 'RXYLOOHLFHUDV (LIHORFHUDV (QGRFHUDV 0DQWLFRFHUDV 2WRFHUDV DQG
3HDUO\DQGLWHV ;HQDVSLV ZDV VLJQLILFDQWO\ VWURQJHU WKDQ %DFXOLWHV 'LDERORFHUDV
'RXYLOOHLFHUDVDQG0DQWLFRFHUDV&RQWUROPRGHOVZLWKVWUDLJKWZDOOVZHUHVWURQJHUWKDQ
ϵϭ
%DFXOLWHV'LDERORFHUDV 'RXYLOOHLFHUDV (LIHORFHUDV0DQWLFRFHUDV DQG 3HDUO\DQGLWHV
VHH$SSHQGL[7DEOH 6IRUSYDOXHV
)RUVRPHPRGHOV FUDFNVZHUHREVHUYHGEHIRUH FRPSOHWH IDLOXUH DIWHUSHDN ORDG
ZDV UHDFKHG ;HJ 'LSORPRFHUDV 'RXYLOOHLFHUDV 'LDERORFHUDV DQG 0DQWLFRFHUDV
7KHVH FUDFNVZHUH REVHUYHG DV VPDOO GLSV RQ WKH ORDGYHUVXV GLVSODFHPHQW FXUYH )LJ










7KHSHDN ORDGVXVWDLQHGE\D VKHOOPRGHOZDVXVHGDVDSUR[\ IRU UHVLVWDQFH WR
FUXVKLQJE\DSUHGDWRU 7KHUHIRUHPRGHOVWKDW VXVWDLQHGKLJKHUSHDNVORDGZHUHDVVXPHG
WREHPRUH UHVLVWDQW WR VKHOO FUXVKLQJ WKDQPRGHOVZLWK ORZHUSHDN ORDGV ,I LQFUHDVLQJ
FRPSOH[LW\ FRUUHODWHG ZLWK VWURQJHU VKHOOV ZH ZRXOG H[SHFW DPPRQLWLF VHSWD WR KDYH
VXVWDLQHG JUHDWHU SHDN ORDGV WKDQ VLPSOHU VHSWDOPRUSKRORJLHV OLNH FHUDWLWLF JRQLDWLWLF




JRQLDWLWLF RU QDXWLORLG )LJ 7KHUHIRUH RXU UHVXOWV GR QRW VXSSRUW WKH K\SRWKHVLV
WKDWLQFUHDVHGVHSWDOFRPSOH[LW\LQFUHDVHGUHVLVWDQFHWRVKHOOFUXVKLQJSUHGDWRUV7KLVLV
WRVD\WKDWDPPRQRLGVHSWDZHUHQRWPRUHUHVLVWDQWWRFUXVKLQJWKDQQDXWLORLGVHSWD DQG
PRUH FRPSOH[ DPPRQRLG VHSWD WKRVH ZLWK KLJKHU VFDOLQJ H[SRQHQWV ZHUH QRW PRUH
UHVLVWDQWWKDQOHVVFRPSOH[DPPRQRLGVHSWD WKRVHZLWKORZHUVFDOLQJH[SRQHQWV7DEOH
 :KHQ FRPSDULQJ SHDN ORDGV VXVWDLQHG E\ GLIIHUHQW JHQHUD LW ZDV REVHUYHG WKDW
VWUHQJWKYDULHGDPRQJJHQHUDRIERWK WKHVDPHVHSWDO W\SH HJ FHUDWLWLFDQGGLIIHUHQW
VHSWD W\SHV HJ FHUDWLWLF YHUVXV JRQLDWLWLF )LJ $ :KLOH VRPH JHQHUD ZHUH
FRQVLVWHQWO\ PRUH UHVLVWDQW WR FUXVKLQJ HJ 'LSORPRFHUDV DQG 6FKLVWRFHUDV RWKHUV
ZHUH FRQVLVWHQWO\ OHVV UHVLVWDQW HJ'RXYLOOHLFHUDV WKDQ RWKHU JHQHUD WR ZKLFK WKH\
ZHUHFRPSDUHG7KLVLQGLFDWHVWKDWYDULDWLRQLQPRUSKRORJ\ZLWKLQWKHVDPHVHSWDOW\SH
EXW DPRQJGLIIHUHQWJHQHUDPD\EHPRUHLQIOXHQWLDORQVKHOOVWUHQJWKWKDQKRZFRPSOH[D
PRUSKRORJ\ LV LQ WHUPVRI LWV IUDFWDO GLPHQVLRQDOLW\7KHUHIRUH LQGLYLGXDOPRUSKRORJ\
FDXVHGPRUHYDULDWLRQLQVWUHQJWKWKDQVHSWDO W\SH :KLOHRXUUHVXOWVZHUHREWDLQHGIURP
PRGHOVZLWK VWDQGDUGRUWKRFRQLF VKDSHV UHVXOWVPLJKW FKDQJH VLJQLILFDQWO\ LI WKH VDPH




VHSWDO W\SHVXSRQ ORDGLQJ EULWWOHEHKDYLRUZDVGHPRQVWUDWHGE\ ODUJHO\ OLQHDUO\HODVWLF
ϵϯ
EHKDYLRU ZLWK RQO\ VPDOO UHJLRQV RI SODVWLF EHKDYLRU ,Q VRPH FDVHV PRGHOV ZLWK
DPPRQRLG VHSWDO W\SHV HJ 'LSORPRFHUDV 'RXYLOOHLFHUDV 'LDERORFHUDV DQG
0DQWLFRFHUDVH[KLELWHGVPDOOGLSVLQORDG EHIRUHSHDNORDGZDVUHDFKHGGHPRQVWUDWLQJ
SUHFXUVRU FUDFNLQJ LQ WKH PRGHO LQ WKH OHDG XS WR IDLOXUH )LJ %(:H QRWH WKLV
ILQGLQJ EHFDXVH LQ QDXWLORLG DQG VWUDLJKW VHSWDO PRGHOV ORDGLQJ FXUYHV ZHUH DOPRVW




GHWHFWHG E\ WKH ,QVWURQ 8QLYHUVDO 7HVWLQJ0DFKLQH VR ZH RQO\ KLJKOLJKW FUDFNV ODUJH
HQRXJK WR GLVUXSW WKH ORDGLQJ UHJLPH 7KHVH REVHUYHG FUDFNV EHIRUH FRPSOHWH IDLOXUH
PLJKWGHPRQVWUDWHWKDWWKHPRUHFRPSOH[VKDSHRIDPPRQRLGVHSWDFRXOGDFFRPPRGDWH
VPDOO FUDFNV EHIRUH VKDWWHULQJ HQWLUHO\ SRVVLEO\ FUHDWLQJ PRUH SRWHQWLDO WR HVFDSH D
SUHGDWRUEHIRUHWKHVKHOOZDVFRPSOHWHO\FRPSURPLVHG6LPLODUEHKDYLRUVDUHREVHUYHGLQ
FRPSRVLWHPDWHULDOVZLWKPDQ\OHQJWKVFDOHVDVKDYLQJPDQ\OHQJWKVFDOHVPD\FKDQJH










KDYHSUHIHUHQWLDOO\DWWDFNHGWKHERG\FKDPEHURIWKHVKHOO LISRVVLEOH KRZHYHU LWLVDOVR
SRVVLEOHWKDWODUJHSUHGDWRUVOLNHPDULQHUHSWLOHVZRXOGKDYHHQFRPSDVVHGWKHHQWLUHW\RI
WKHVKHOOLQWKHLUMDZVZLWKRXWGLIIHUHQWLDWLQJWKHORFDWLRQRI WKHERG\FKDPEHU GXHWRWKH
GLIIHUHQFH EHWZHHQ WKH VL]H RI WKH VKHOO DQG WKHLU MDZV ,Q LQVWDQFHV VXFK DV WKHVH WKH
DELOLW\WRGLVVLSDWH HQHUJ\E\VXVWDLQLQJ VPDOOFUDFNVZLWKRXWFRPSOHWHO\VKDWWHULQJPLJKW
JLYHWKHDPPRQRLGDEHWWHUFKDQFH RIHVFDSH +RZHYHUIXUWKHUWHVWLQJZRXOGEHUHTXLUHG




'XULQJ WKHVH H[SHULPHQWDO WULDOV ZH REVHUYHG WKDW FUDFNV LQ DPPRQRLG VHSWD
DPPRQLWLF FHUDWLWLF DQG JRQLDWLWLF JHQHUDOO\ SURSDJDWHG IURP WKH ODWHUDO VLGHV RI WKH
VHSWXPZKHUHFRQWDFWZDVPDGHEHWZHHQWKHSODWHDQGWKHRXWHU VKHOO ZDOOWRZDUGVWKH
FHQWHU RI WKH VHSWXP EHIRUH WKH FHQWHU RI WKH VHSWXP VKDWWHUHG )LJ $, %\
FRPSDULVRQEUHDNVLQQDXWLORLGZDOOVRFFXUUHGLQPDQ\GLIIHUHQWORFDWLRQV LQFOXGLQJWKH
FHQWHURI WKH VHSWXPDVZHOODV PDQ\EUHDNV WRZDUGV WKHRXWHU VKHOOZDOO WR WKH OHIWRI
ULJKW RIWKHFHQWHURIWKHVHSWXP )LJ-.,QVRPHFDVHVWKHVHSWXPVKDWWHUHGDOPRVW
FRPSOHWHO\YHU\FORVHWRWKHRXWHUZDOO,WVKRXOGEHQRWHGWKDWWRLVRODWHRQO\WKHHIIHFWV
RIVHSWDOVKDSH WKHVLSKXQFOHIRUDPHQORFDWLRQZDVNHSW WKHVDPHLQDOOPRGHOV WKDW LV
WRZDUGV WKH HGJH RI WKH VHSWXP QHDU WKH RXWHU ZDOO RI WKH VKHOO 7KLV PRUSKRORJ\ LV
FRQVLVWHQWZLWKVLSKXQFOHIRUDPHQSODFHPHQWLQDPPRQRLGVKRZHYHULQ1DXWLOXV VKHOOV
ϵϱ
WKH VLSKXQFOH IRUDPHQ LV LQ WKH FHQWHU RI WKH VHSWXP ,W LV QRWDEOH WKDW QDXWLORLGV WKH
JHRORJLFDOO\ROGHUWD[RQ PRUHFRPPRQO\ KDGWKLVIRUDPHQSODFHPHQWZKLOHDPPRQRLGV
ZLWKFRPSOH[VHSWDDSSHDUHGLQWKHIRVVLOUHFRUGLPPHGLDWHO\ZLWKWKHVLSKXQFOH IRUDPHQ
ORFDWHG WRZDUGV WKH RXWHU ZDOO RI WKH VKHOO YHQWHU $V KROHV FDQ EHKDYH DV VWUHVV
FRQFHQWUDWRUV =LRXSRV HW DO  =LUND HW DO  RXU UHVXOWV VXJJHVW WKDW WKH
ORFDWLRQ RI WKH VLSKXQFOH IRUDPHQ LQ DPPRQRLGV PD\ GLIIHU IURP WKDW LQ QDXWLORLGV
EHFDXVH WKHFHQWHURI WKH VHSWXPZDV WKH ZHDNHVW SDUWRI WKH VHSWXP 7KXV ORFDWLQJD
VWUHVVFRQFHQWUDWRU LQ DQDOUHDG\ZHDNSRUWLRQRI WKHVKHOOPD\KDYHEHHQSUREOHPDWLF
0RUHRYHU WKH REVHUYDWLRQ WKDW IRVVLO DPPRQRLGV VKRZ WKLFNHQLQJ RI WKH FHQWHU RI WKH
VHSWXPDQGWKLQQLQJWRZDUGVWKHRXWHUZDOOVLVFRQVLVWHQWZLWK RXUILQGLQJVWKDWVKRZ WKDW
VKDWWHULQJIUHTXHQWO\RFFXUUHGLQWKHFHQWHURIDVHSWXP +HZLWWDQG:HVWHUPDQQ 
  .OXJ DQG +RIIPDQQ  2XU PRGHOV ZHUH JHQHUDWHG XVLQJ XQLIRUP





3DOHRQWRORJLVWV KDYH ORQJ VRXJKW WR XQGHUVWDQGZKDW DGDSWLYH DGYDQWDJH PLJKW
KDYH GULYHQ LQFUHDVLQJ FRPSOH[LW\ LQ DPPRQRLG VHSWD :KLOH PDQ\ K\SRWKHVHV KDYH
EHHQSURSRVHGWRH[SODLQWKH IXQFWLRQDOLW\RIWKHVHXQLTXHPRUSKRORJLHVWKHVHLGHDVKDYH
UHPDLQHG FKDOOHQJLQJ WR WHVW EHFDXVH WKHUH DUH QR FRPSDUDEOH FRPSOH[ PRGHUQ
PRUSKRORJLHV +HUH ZH KDYH GHYHORSHG DQ H[SHULPHQW XVLQJ ' SULQWLQJ WR WHVW WKH
ϵϲ
K\SRWKHVLV WKDW LQFUHDVLQJO\ FRPSOH[ VHSWD DUH PRUH UHVLVWDQW WR FUXVKLQJ SUHGDWLRQ
8VLQJ 'SULQWHGPRGHOVZHZHUH DEOH WR FRQGXFW GHVWUXFWLYH WHVWVZLWKRXW GDPDJLQJ
VSHFLPHQV RU HQFRXQWHULQJ WKH FKDOOHQJHV RI WKH IRVVLOL]DWLRQ SURFHVV ZKLFK UHQGHUV
IRVVLOV XQWHVWDEOH IRU D YDULHW\ RI UHDVRQV WDSKRQRP\ OLWKLILFDWLRQ HWF 2XU VWXG\
UHSUHVHQWVWKHILUVWSK\VLFDOWHVWFRQGXFWHGWRH[DPLQH WKHVWUHQJWKRIDPPRQLGVHSWDLQ
FRPSUHVVLRQ7KURXJKRXUVHOHFWHG VDPSOHVZHREWDLQHGWKUHHPDLQ ILQGLQJV6HSWDO
FRPSOH[LW\ GRHV QRW FRUUHODWH ZLWK RYHUDOO VWUHQJWK PHDVXUHG E\ SHDN ORDG LQ
FRPSUHVVLRQ 6WUHQJWK ZDV YDULDEOH DFURVV VHSWDO W\SHV ZLWK GLIIHULQJ OHYHOV RI
FRPSOH[LW\ 7KXV WKLV VWXG\ GRHV QRW VXSSRUW WKH K\SRWKHVLV WKDW SUHGDWLRQ GURYH WKH
LQFUHDVHGFRPSOH[LW\RIDPPRQRLGVHSWD :HDOVRIRXQGWKDW WKHORDGGLVSODFHPHQW
FXUYHVZHUHODUJHO\VLPLODULQVKDSHDFURVVGLIIHUHQWVHSWDOW\SHVDOWKRXJKLQVRPHFDVHV
WKHUH LV SUHOLPLQDU\ HYLGHQFH WKDW DPPRQRLG VHSWDO VKDSHV DPPRQLWLF FHUDWLWLF DQG
JRQLDWLWLFPD\ GLVSOD\ VPDOO FUDFNV EHIRUH WKH XOWLPDWH IDLOXUH RI WKH VKHOO 7KLVPD\














FHQWHURIWKHVHSWXPLVWKLFNHUWKDQWKHRXWHU HGJHVOLNHO\UHLQIRUFLQJ DZHDNDUHD 2XU
UHVXOWVLQGLFDWHWKDWVKHOOFUXVKLQJSUHGDWLRQZDVXQOLNHO\WRKDYHGULYHQ WKHHYROXWLRQRI
LQFUHDVLQJO\FRPSOH[VHSWD +RZHYHUWKHVHILQGLQJVGRVXJJHVWWKDWVHSWDOWKLFNQHVVDQG
WKH SODFHPHQW RI WKH VLSKXQFOH IRUDPHQ ZHUH OLNHO\ FRQVWUDLQHG IRU ELRPHFKDQLFDO
UHDVRQV 0XFK ZRUN UHPDLQV WR XQGHUVWDQG KRZ WKHVH XQLTXH VKDSHV LPSDUWHG VKHOO
VWUHQJWK DQG ZKDW DGGLWLRQDO IDFWRUV PD\ KDYH GULYHQ WKHLU LQFUHDVLQJ FRPSOH[LW\
EXR\DQF\ OLTXLG WUDQVSRUW HWF 7KLV VWXG\ GHPRQVWUDWHV WKH XVHIXOQHVV RI HPSLULFDO




7DEOH  /LVW RI VHOHFW VHSWDO W\SHV DQG UHSUHVHQWDWLYH JHQXV DQG
VSHFLHV ZKRVH VXWXUHV ZHUH XVHG WR FUHDWH ' PRGHOV $UNHOO HW DO
 -RQHV 7HLFKHUW HW DO :ULJKW 3HWHUPDQDQG
%DUWRQ  6FDOLQJ H[SRQHQWV XVHG WR TXDQWLI\ FRPSOH[LW\
IROORZLQJ3HWHUPDQDQG%DUWRQ
ϵϵ
)LJXUH  ,PDJHV VKRZLQJ FHSKDORSRG VHSWD LQQHU FKDPEHUZDOOV DQG
VXWXUHVZKHUH VHSWDPHHWWKHRXWHUVKHOOZDOO FRPSOH[LW\GHFUHDVHVIURP
OHIW WR ULJKW 7RS 5RZ 6XWXUHV YLVLEOH RQ IRVVLO FHSKDORSRGV IURP WKH
3DOHRQWRORJLFDO 5HVHDUFK ,QVWLWXWLRQ UHVHDUFK FROOHFWLRQV $ DPPRQLWH
VXWXUHV RQ &DGRFHUDV VXEODHYH 35,  % FHUDWLWLF VXWXUHV RQ
*\PQRWRFHUDV EHDFKL 35,  & JRQLDWLWLF ,PLWRFHUDV URWDWRULXP
35, ' QDXWLORLGVXWXUHVRQ$FWLQRFHUDVEHORLWHQVH 35,
%RWWRP 5RZ &RPSXWHU JHQHUDWHG PRGHOV RI FHSKDORSRG FKDPEHUV
ELVHFWHG WR VKRZ FURVV VHFWLRQ RI VHSWD $ DPPRQLWLF VHSWD RI









GLIIHUHQWVHSWDO W\SHVGHFUHDVLQJ LQFRPSOH[LW\ IURPOHIW WR ULJKW
DPPRQLWLF FHUDWLWLF JRQLDWLWLF QDXWLORLG DQG VWUDLJKW FRQWURO
:LGWK RI VSLQGOHV LQGLFDWHG GLVWULEXWLRQ RI GDWD SRLQWV EODFN
0HDQVIRUHDFKVHSWDOVKDSH DUHUHSUHVHQWHGE\UHGWULDQJOHV
ϭϬϮ
)LJXUH  3HDN ORDGV VXVWDLQHG E\ PRGHOV RI GLIIHUHQW JHQHUD ZLWK GLIIHUHQW VHSWDO
PRUSKRORJLHV $ 9LROLQ SORW SHDN ORDG N1 VXVWDLQHG E\ PRGHOV RI GLIIHUHQW JHQHUD
GHFUHDVLQJ LQ VHSWDO FRPSOH[LW\ IURP OHIW WR ULJKW OHIW :LGWK RI VSLQGOHV LQGLFDWHG
GLVWULEXWLRQ RI GDWD SRLQWV EODFN 0HDQV IRU HDFK VHSWDO VKDSH DUH UHSUHVHQWHG E\ UHG
WULDQJOHV ,PDJHVRI'PRGHOVRULHQWHGWRVKRZ VHSWD PDWFKLQJILJXUHOHJHQGULJKW %
( /RDG N1 YHUVXV GLVSODFHPHQW PP FXUYHV IRU % DPPRQLWLF & FHUDWLWLF '
JRQLDWLWLF(QDXWLORLGDQGVWUDLJKWVHSWD
ϭϬϯ
)LJXUH  6DPSOH LPDJHV RI PRGHOV GXULQJ FRPSUHVVLRQ WHVWV LQ ,QVWURQ
8QLYHUVDOWHVWLQJPDFKLQH,QVWURQSODWHV DUH OLQHGZLWKVDQGSDSHU7RSURZ
DPPRQLWLF PRGHOV $ 'LSORPRFHUDV % %DFXOLWHV & 'RXYLOOHLFHUDV
6HFRQGURZFHUDWLWLFPRGHOV'2WRFHUDV(3HDUO\DQGLWHV) ;HQDVSLV










E\ WKH SURFHVVHV RI IRVVLOL]DWLRQ 6WDQOH\  6WDQOH\  %HKUHQVPH\HU HW DO
 ,QYHVWLJDWRUV KDYH IRXQG PDQ\ GLIIHUHQW PHWKRGV RI TXDQWLI\LQJ PROOXVN VKHOO
VKDSHWRXQGHUVWDQGZKDWELRWLFDQGDELRWLFSUHVVXUHVGURYHVKHOOHYROXWLRQ 7KRPSVRQ
5DXS DQG 0LFKHOVRQ5DXS%RHWWLJHUHWDO 6KRMDHLHWDO
2NDEHDQG <RVKLPXUD3UHGDWLRQLVXQGHUVWRRGWREHDQHYROXWLRQDU\GULYHU
RQPXOWLSOHWLPHVFDOHV(VWHVHWDO.HOOH\HWDO%DXPDQG:RUP
0ROOXVNV DUH SUH\HG XSRQ E\ D ZLGH YDULHW\ RI SUHGDWRUV LQFOXGLQJ VKHOOFUXVKLQJ
SUHGDWRUV$OH[DQGHUDQG'LHWO&URIWVDQG6XPPHUV$QGHUVRQHWDO
-RKQVRQ HW DO  , KDYH XVHG VHYHUDO PRGHOLQJ PHWKRGV WR FUHDWH DQG ' SULQW
WKHRUHWLFDO PROOXVN VKHOOV WR VWXG\ WKH LQIOXHQFH RI VKHOO VKDSH RQ VKHOO VWUHQJWK LQ
FRPSUHVVLRQ &RPSUHVVLRQ WHVWV KDYH EHHQ FRQGXFWHG RQ PROOXVN VKHOOV E\ PDQ\
ϭϬϱ
SUHYLRXV LQYHVWLJDWRUV VHHNLQJ WR VWXG\ KRZ D UDQJH RI IDFWRUV LQFOXGLQJ WDSKRQRP\





PROOXVN VKHOOVZLWKPDWKHPDWLFDOPRGHOV DQG FRPSXWHU DLGHGGHVLJQ SURJUDPV , KDYH




RI VKDSHV SUHVHUYHG LQ WKH IRVVLO UHFRUG $ NH\ WR WKLV PHWKRG RI VWXG\LQJ IXQFWLRQDO
PRUSKRORJ\ LV LGHQWLI\LQJ ' SULQWLQJPDWHULDOV WKDW GHPRQVWUDWH EULWWOH EHKDYLRU OLNH
WKDWRIPROOXVNVKHOOV:KLOHPROOXVNVKHOOVKDYHYHU\GLIIHUHQWPLFURVWUXFWXUHVWKDQ'
SULQWV SUHYLRXV DXWKRUV KDYH GHPRQVWUDWHG WKH XVHIXOQHVV RI ' SULQWV DV SUR[LHV IRU
VKHOOV&URIWVDQG6XPPHUV.ROPDQQHWDO-RKQVRQDQG &DUWHU
,Q WKLV WKHVLV , KDYH SURYLGHG D UHYLHZ RI VKHOO FRPSUHVVLRQ H[SHULPHQWV DQG
PHWKRGRORJ\ DLPHG WR KLJKOLJKW WKH XVHIXOQHVV RI WKLV HPSLULFDO WHVW $GGLWLRQDOO\ ,
FRQGXFWHG WKUHH H[SHULPHQWDO SURMHFWV WR VWXG\ UHODWLRQVKLSV EHWZHHQ VKHOO VKDSH DQG
VWUHQJWKLQJDVWURSRGVELYDOYHVDQGFHSKDORSRGV(DFKVWXG\ZDVPRWLYDWHG
E\ WKH GHVLUH WR XQGHUVWDQG KRZ VKHOO VKDSHV KDYH HYROYHG LQ FRQMXQFWLRQ ZLWK VKHOO
ϭϬϲ
FUXVKLQJ SUHGDWRUV ZKLOH DGGUHVVLQJ IXQGDPHQWDO SDOHRQWRORJLFDO K\SRWKHVHV DERXW WKH
PRUSKRORJLFDOHYROXWLRQRIHDFKJURXS
)LUVW , WHVWHG WKH ORQJKHOG K\SRWKHVLV WKDW WKH HYROXWLRQ RI 0HVR]RLF VKHOO
FUXVKLQJSUHGDWRUVGURYHWUHQGVLQJDVWURSRGVKHOOVKDSH7KHIUHTXHQF\RIRSHQFRLOLQJ
XPELOLFDWH DQG SODQLVSLUDO JDVWURSRGV ZDV WKRXJKW WKH KDYH GHFUHDVHG WKURXJKRXW WKH
0HVR]RLF EHFDXVH RI LQFUHDVLQJ SUHGDWLRQ SUHVVXUHV 9HUPHLM D  3DVW
LQYHVWLJDWRUV K\SRWKHVL]HG WKDW WKHVH VKDSHV ZHUH ZHDNHU WKDQ RWKHU VKHOO VKDSHV LQ
FRPSUHVVLRQDQGWKHUHIRUHZHUHQRWZHOODGDSWHGDJDLQVWQHZVKHOOFUXVKLQJSUHGDWRUV,
XVHG PDWKHPDWLFDO PRGHOV WR FUHDWH DQG ' SULQW WKHVH JHRPHWULHV DORQJ ZLWK D
PRUSKRORJ\ ZKLFK ZDV WXUELQDWH LQ VKDSH FORVHGFRLOHG QRW XPELOLFDWH DQG QRW
SODQLVSLUDO %\ FRQGXFWLQJ FRPSUHVVLRQ WHVWV RQ WKHVH EULWWOH PRGHOV LQ PXOWLSOH
RULHQWDWLRQV , IRXQG WKDW WKH RULHQWDWLRQ RI WKH VKHOO FKDQJHGKRZPXFK IRUFH LW FRXOG
VXVWDLQEHIRUHEUHDNDJH)RUH[DPSOHRSHQFRLOLQJVKHOOVZKLFKZHUHYHU\ZHDNLQRQH
RULHQWDWLRQ ZHUH YHU\ VWURQJ LQ WKH RSSRVLWH RULHQWDWLRQ , DOVR IRXQG WKDW SODQLVSLUDO
VKHOOVZHUHE\IDUWKHZHDNHVWRIDOOWKH VKDSHVEXWWKDWWKHRWKHUVKDSHVZHUHQRWDVZHDN
DVSUHYLRXVO\DVVXPHG7KXVLWDSSHDUVWKDWWKHGHFUHDVHGIUHTXHQF\RISODQLVSLUDOVKHOOV
PD\ KDYH EHHQ GULYHQ E\ WKH HYROXWLRQ YHUWHEUDWH VKHOOFUXVKLQJ SUHGDWRUV KRZHYHU
RWKHUSUHGDWRUV LQFOXGLQJ LQYHUWHEUDWH VKHOOFUXVKHUVPD\KDYHSOD\HGDPRUHGRPLQDQW
UROHLQGULYLQJWKHIUHTXHQF\RIRSHQFRLOLQJDQGXPELOLFDWHVKHOOV
6HFRQG , WHVWHG ELYDOYH VKHOO VKDSH DQG VWUHQJWK WR WHVWZKHWKHU WUDGHRIIV H[LVW
EHWZHHQ VKDSHV WKDW SHUPLW HVFDSH EHKDYLRUV DQG VKDSHV WKDW OLPLWPRELOLW\ EXW ZHUH
K\SRWKHVL]HGWREHPRUHUHVLVWDQWWRFRPSUHVVLRQE\DVKHOOFUXVKLQJSUHGDWRU%LYDOYHV
ϭϬϳ
XVH WKHLU VKHOOV DV DUPRU WR GHIHQG DJDLQVW SUHGDWRUV KRZHYHU VRPH VKHOO VKDSHV DOVR
HQDEOH WKHP WR EXUURZ EHORZ WKH VHGLPHQW DWWDFK WR VXEVWUDWH DQG VZLP DZD\ IURP
SUHGDWRUV,PDWKHPDWLFDOO\PRGHOHGVKHOOVKDSHVZKLFKZRXOGSHUPLWGLIIHUHQWOHYHOVRI
PRELOLW\DQGHVFDSHIURPSUHGDWRUV HJVKDSHVUHSUHVHQWLQJ ELYDOYHVWKDWOLYHDERYHWKH
VHGLPHQW EHORZ WKH VHGLPHQW DQG WKRVH WKDW FDQ VZLP %\ ' SULQWLQJ WKHVH VKDSHV
IURPDEULWWOHPDWHULDODQGWHVWLQJWKHPLQDFRPSUHVVLRQDSSDUDWXV,ZDVDEOHWRWHVWWKH
LQIOXHQFHRIVKHOOHORQJDWLRQZKRUOH[SDQVLRQUDWHDQGLQIODWLRQRQVKHOOVWUHQJWK 8VLQJ
SHDN ORDG DV D SUR[\ IRU UHODWLYH VKHOO VWUHQJWK , IRXQG WKDW VKHOOV WKDW ZHUH QRW
HORQJDWHG DQG KDG FLUFXODU JHQHUDWLQJ FXUYHV ZHUH VWURQJHU WKDQ VKHOOV WKDW ZHUH
HORQJDWHG , DOVR GHWHUPLQHG WKDW H[WUHPH HORQJDWLRQ LQFUHDVHG WKH UHODWLYH VWUHQJWK RI





7KLUG , H[DPLQHG WKH LQWHULRUZDOOV RI D JURXS RI H[WLQFW VKHOOHG FHSKDORSRGV
DPPRQRLGV $PPRQRLGV DUH ZHOO NQRZQ IRU KDYLQJ LQWULFDWHO\ IROGHG IUDFWDO VHSWD
LQWHUQDOVKHOOZDOOVZKLFKEHFDPHLQFUHDVLQJO\FRPSOH[RYHUWKHLUHYROXWLRQDU\KLVWRU\
3DVWLQYHVWLJDWRUVKDYHSURSRVHGDYDULHW\RIIXQFWLRQDOK\SRWKHVHVWRVWXG\WKHSRWHQWLDO




IURP DGYDQWDJHV UHODWLQJ WR VRIW WLVVXH DWWDFKPHQW WR EXR\DQF\ K\GURVWDWLF SUHVVXUH
UHVLVWDQFH DQG SUHGDWLRQ UHVLVWDQFH , VRXJKW WR DQDO\]H ZKHWKHU WKH LQFUHDVLQJ
FRPSOH[LW\ RI DPPRQRLG VHSWD PLJKW KDYH SURYLGHG LQFUHDVHG UHVLVWDQFH WR VKHOO
FUXVKLQJSUHGDWLRQ ,XVHGPRGHOV WKDWZHUH'SULQWHGZLWK UHVLQZKLFKZDVFXUHG WR
EHFRPHEULWWOH WR WHVW WKHVWUHQJWKRIGLIIHUHQWDPPRQRLG VHSWD$GGLWLRQDOO\ ,SULQWHG
PRGHOV ZLWK VLPSOH VHSWD UHSUHVHQWLQJ WKH DPPRQRLGV¶PRGHUQ UHODWLYH WKH QDXWLORLG
&RQWUDU\ WR SUHYLRXV VXJJHVWLRQV IURP WKH OLWHUDWXUH , IRXQG WKH LQFUHDVLQJ VHSWDO
FRPSOH[LW\ GLG QRW FRUUHODWH ZLWK LQFUHDVHG VKHOO VWUHQJWK FRQWUDU\ WR SUHYLRXV
VXJJHVWLRQV LQ WKH OLWHUDWXUH 'DQLHO HW DO  +DVVDQ HW DO  /HPDQLV HW DO
+RZHYHU WKHH[SHULPHQWVGHPRQVWUDWHG WKDW WKHFHQWHURIDVHSWXPZDVDZHDN
SRLQW DV PRVW DPPRQRLG PRGHOV VKDWWHUHG WKHUH ILUVW 7KLV PD\ VXJJHVW WKDW WKH
SODFHPHQW RI WKH VLSKXQFOH IRUDPHQ D KROH LQ WKH VHSWXP PD\ EH PHFKDQLFDOO\
FRQVWUDLQHG E\ WKH VKDSH RI WKH VHSWXP 0RUHRYHU LW PD\ KHOS WR H[SODLQ SUHYLRXV





PRGHUQ H[WLQFW DQGHYHQQRQH[LVWHQWPRUSKRORJLHV 'SULQWLQJ WKHVHPRGHOV SHUPLWV
DQDO\VHV RI VKDSH DQG VWUHQJWK WKDW FRXOG QRW EH H[SHULPHQWDOO\ LVRODWHG DQG WHVWHG
RWKHUZLVH VHH -RKQVRQDQG&DUWHU 0RUHRYHUWKHVHWHFKQLTXHV SHUPLWGHVWUXFWLYH
WHVWLQJ DQG HOLPLQDWHV FRQIRXQGLQJ IDFWRUV RI WDSKRQRP\ +RZHYHUZKLOH RYHUFRPLQJ
ϭϬϵ
PDQ\RIWKH ELRORJLFDO OLPLWDWLRQV RIUHDODQGIRVVLOVSHFLPHQV'SULQWLQJSUHVHQWV LWV
RZQ FKDOOHQJHV DQG OLPLWDWLRQV )RU H[DPSOH FXUUHQWO\ FRPPHUFLDOO\ DYDLODEOH '
SULQWHUVGRQRWSRVVHVVWKHPHDQVWRUHSOLFDWHVKHOOPLFURVWUXFWXUHVZLWKVKHOOPDWHULDOVRU
SULQW LQGLUHFWLRQVRWKHUWKDQKRUL]RQWDOOD\HUV 7KXVZKLOHDVWDQGDUGL]LQJPLFURVWUXFWXUH
ZLWK ' SULQWV LV XVHIXO WR LVRODWH VKDSH PXFKPRUH GHWDLOHG ZRUN WR XQGHUVWDQG WKH
LQWHUDFWLRQ RI PDFUR DQG PLFURVWUXFWXUH FRXOG EH DFFRPSOLVKHG ZLWK HQKDQFHG
WHFKQRORJ\$QRWKHU OLPLWDWLRQ LV LQWURGXFHGE\ WKH W\SHRI'SULQWHUXVHG IRUDJLYHQ
VWXG\ )RU H[DPSOHVRPHSULQWHUVUHTXLUHPRGHOVWRLQFOXGHVSHFLDOIHDWXUHVOLNHKROHVWR
HYDFXDWH H[FHVV SULQWLQJ PDWHULDO -RKQVRQ DQG &DUWHU  7KH FDSDELOLWLHV RI '
SULQWHUV DUH UDSLGO\ FKDQJLQJ DV QHZ PDWHULDOV DQG SULQWLQJ SURFHVVHV DUH GHVLJQHG
)XWXUH DGYDQFHV LQ'SULQWLQJ WHFKQRORJ\ZLOOVXUHO\DOORZWHVWVRIIRUPDQGIXQFWLRQ
ZKLFKDUHFXUUHQWO\OLPLWHGE\WHFKQRORJLFDOFDSDELOLWLHV
$GGLWLRQDOO\D VLJQLILFDQWOLPLWDWLRQRIFRPSUHVVLRQWHVWVZKLFKVHHNWRVHUYHDVD
SUR[\ IRU WKH FUXVKLQJ RI D SUHGDWRU LV WKH FRPSOH[LW\ DQG UDQJH RI PHWKRGV ZKLFK
SUHGDWRUV XVH WR EUHDN VKHOOV ,Q P\ WKHVLV UHVHDUFK LGHDOL]HG FRPSUHVVLRQ WHVWV ZHUH
SHUIRUPHG XVLQJ IODW SODWHV DQG D TXDVLVWDWLF ORDGLQJ UHJLPH DV DQ DSSUR[LPDWLRQ IRU
FRPSUHVVLRQE\DYHUWHEUDWH SUHGDWRUZLWK IODWFUXVKLQJ WHHWK5HDOYHUWHEUDWHSUHGDWRUV
PDQLSXODWHRULHQWDQGXVHUHSHDWHGFRPSUHVVLRQVWREUHDNVKHOOV /DXGHU3DOPHU
 0RUHRYHU LQYHUWHEUDWH SUHGDWRUV WKDW FUXVK VKHOOV XVH GLIIHUHQW W\SHV RI SRLQW
ORDGLQJLQFOXGLQJKDPPHULQJPHFKDQLVPVHJVWRPDWRSRGVDQGVKHOOSHHOLQJ $OOPRQ
HWDO,VKLNDZD HWDO3DWHN DQG&DOGZHOO6RPHSUHGDWRUVHYHQXVH
WRROVWREUHDNVKHOOV RWWHUVXVHURFNVWREUHDNVKHOOV ILVKWRVV KDUGVKHOOHGSUH\ DJDLQVW
ϭϭϬ
URFNV DQG ELUGV GURS VKHOOV IURP KLJK XS RQWR KDUG VXUIDFHV WR EUHDN WKHP RSHQ
6LHJIULHG  ,QJROIVVRQ DQG (VWUHOOD  %URZQ  )XMLL HW DO 
7KHUHIRUH ORDGLQJ ZLWK IODW SODWHV DQG HVVHQWLDOO\ QR PRPHQWXP TXDVLVWDWLF OLNHO\




GHFLGLQJKRZ WRH[WUDSRODWH IURP WKHLU UHVXOWV )LQDOO\ LQ IXWXUH VWXGLHV , DOVRKRSH WR
HQKDQFH P\ PDWKHPDWLFDO PRGHOV WR LQFOXGH FKDQJLQJ ZKRUO H[SDQVLRQ UDWHV ZKRUO
RYHUODSDQGFKDQJLQJVKHOO WKLFNQHVV WKURXJKRXW OLIH0RGLI\LQJPRGHOVZKLFK UHO\RQ
VKHOO JURZWK RFFXUULQJ LQ D ORJDULWKPLF VSLUDO RI FRQVWDQW WKLFNQHVV FRXOG KHOS
DFFRPPRGDWH IRUPV ZKLFK KDYH FKDQJLQJ ZKRUO H[SDQVLRQ UDWHV DQG WKLFNQHVVHV





TXDQWLI\LQJ WKH WHVWLQJ WKH VKDSHV DQG PRUSKRORJLHV RI WKHVH RUJDQLVPV 0DQ\
K\SRWKHVHVDERXWWKHHYROXWLRQRIPROOXVNVKHOOVVKDSHVKDYHEHHQGHULYHGIURPGHFDGHV
RIREVHUYDWLRQDQGGHVFULSWLRQRIWUHQGVLQVKHOOVKDSH7KURXJKP\GLVVHUWDWLRQUHVHDUFK
, KDYH GHPRQVWUDWHG WKH XWLOLW\ RI DQ XQGHUXWLOL]HG PHWKRG WR HPSLULFDOO\ VWXG\ WKH
HYROXWLRQRIVKHOOVWUHQJWK,KDYHVKRZQWKDWVWUHQJWKFDQEHVWXGLHGXVLQJQRWRQO\UHDO
ϭϭϭ
VKHOOV EXW DOVR PRGHOV IRU ZKLFK UHODWLYH VWUHQJWK FRPSDULVRQV FDQ EH PDGH %\
UHFUHDWLQJ IRVVLO IRUPV SDOHRQWRORJLVWV FDQ FRQWLQXH WR WHVW K\SRWKHVHV WKDW ODFN
TXDQWLWDWLYH GDWD DQG FRQWLQXH WR UHILQH RXU XQGHUVWDQGLQJ RI HYROXWLRQDU\ GULYHUV OLNH
SUHGDWLRQ
7KHIRVVLOUHFRUGKROGVKXQGUHGVRIPLOOLRQVRI\HDUVRIHYROXWLRQDU\HYHQWVWKDW
FDQEHXVHG WRXQGHUVWDQG WKHPRGHUQZRUOGDQGPDNH ORQJ WHUPSUHGLFWLRQVDERXW WKH
IXWXUH0DQ\RWKHUVKDYHVKRZQWKDWSUHGDWRU\UHJLPHVKDYHJUHDWLQIOXHQFHRQDOOOHYHOV
RIHFRV\VWHPVIRUYDU\LQJ WLPHVFDOHV (VWHVHWDO.HOOH\HWDO%DXPDQG
:RUP  7KHUHIRUH XQGHUVWDQGLQJ WKH FDVFDGLQJ HIIHFWV RI LQWURGXFLQJ QHZ
SUHGDWRUVLQWKHSDVWVXFKDVGXULQJWKH0HVR]RLF0DULQH5HYROXWLRQFDQSURYLGHPXFK
QHHGHG LQVLJKWV WR PDNH SURMHFWLRQV IRU WKH IXWXUH RI WKH ZRUOG¶V HFRV\VWHPV XQGHU
LQFUHDVLQJ DQWKURSRJHQLF SUHVVXUHV ,W LV P\ KRSH WKDW WKH UHVHDUFK PHWKRGRORJ\
GHYHORSHGKHUHZLOOHQDEOHIXUWKHUVWXG\RISUHGDWRUSUH\LQWHUDFWLRQVDV WKH\SHUWDLQWR
PRGHUQ FRQVHUYDWLRQ ELRORJ\ 0RUHRYHU LQ WKH SURFHVV RI FRQGXFWLQJ VXFK VWXGLHV D
ZHDOWK RI HGXFDWLRQDO WRROV EDVHG RQ ' SULQWLQJ DQG PDWKHPDWLFDO PRGHOLQJ FDQ EH






)LJXUH 6 ' SULQWHG VKHOO PDVV YHUVXV SHDN ORDG
VXVWDLQHG 3ULQWV RULHQWHG DSHUWXUH GRZQ RUDQJH DQG
DSHUWXUH XS EOXH $7XUELQDWH %2SHQFRLOLQJ &
8PELOLFDWH1RUHJUHVVLRQVZHUHVLJQLILFDQWS!
ϭϭϰ
7DEOH6 %LYDOYHPRGHO LQSXWVVKDSHQDPHHORQJDWLRQDE K DEZDQG
KHLJKWLIPRGLILHG
ϭϭϱ
)LJXUH 6 ,PDJH VKRZLQJPRGHO JHQHUDWLRQ 6XUIDFH LV FRQVWUXFWHG
E\ VZHHSLQJ D JHQHUDWLQJ FXUYH \HOORZ RYDO DURXQG D FRLOLQJ D[LV
EODFNGRWWHGOLQH6KDSHRIWKHJHQHUDWLQJFXUYHLVGHWHUPLQHGE\D[HV
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